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SUMMARY 
This thesis is concerned with the sloshing motion of water in 
a moonpool. It is a relatively new problem, that is 
particularly predominant in moonpools with relatively large 
dimensions. The problem is further complicated by the 
additional behaviour of vertical oscillation. It is 
inevitable that large moonpools will be needed as offshore 
technology advances, therefore making a problem an important 
one. The research involves two parts, the theoretical and 
experimental study. 
The theoretical study consists of idealising the moonpool to 
a two dimensional system, represented by two surface piercing 
parallel barriers at a distance 2a apart. The barriers are 
forced to undergo roll motion which in turn generates waves. 
These travelling waves are travelling in opposite directions 
to each other and have the same amplitude and period, and 
thus can be expressed in terms of a standing wave. This is 
mathematically achieved by applying the theory of wavemaking, 
and therefore the wave amplitude at the side wall can be 
evaluated at near resonant conditions. 
The experimental study comprises of comparing the results 
obtained from the tank and moonpool experiments. The rolling 
motion creates the sloshing waves in both cases, in addition 
the vertical oscillation in the moonpool is produced by 
generating waves at one end of the towing tank. Apart from 
highlighting influencing parameters, the resonant frequencies 
obtained from these experiments are then compared with the 
theoretical values. Experiments in demonstrating the effect 
of increasing damping with the aid of baffles are a lso  
conducted. 
This is an important aspect which is very necessary if 
operations in launching and retrieving are to be carried 
out efficiently and safely. 
VI 
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1 .O INTRODUCTION 
I_ 
The advance i n  o f f s h o r e  e x p l o r a t i o n  has demanded a need f o r  
e f f e c t i v e  and e f f i c i e n t  s u p p o r t .  One a spec t  which i s  v i t a l  
t o  t h i s  s u p p o r t  i s  t h e  a b i l i t y  t o  launch and r e t r i e v e  
d i v i n g  b e l l s ,  s u b m e r s i b l e s  and equipment. Th i s  i s  o f t e n  
ach ieved  v i a  a n  open moonpool. 
employed f o r  l a u n c h i n g  and r e t r i e v i n g  subsea u n i t s  have 
been g e n e r a l l y  des igned  w i t h  small dimensions,  s u i t a b l e  
f o r  subsea  u n i t s  such as d i v i n g  b e l l s .  Although t h e  
moonpool sys tem h a s  many advan tages  over  o t h e r  hand l ing  
s y s t e m s ,  i . e .  s i d e  and s t e r n  hand l ing  ( see  Lee [ l ] ) ,  t h e r e  
i s  a major  drawback, t h i s  b e i n g  t h e  water  column i n  t h e  
moonpool c a n  oscillate as much as f o u r  times o r  more t han  
t h e  o u t s i d e  waves i n  c e r t a i n  c o n d i t i o n s .  This  p a r t i c u l a r  
aspect h a s  r e c e i v e d  much a t t e n t i o n  i n  t h e  p a s t  few y e a r s .  
I n  t h e  p a s t ,  moonpools 
Due t o  advancement i n  O f f s h o r e  Technology, t h e  need f o r  
dep loy ing  l a r g e r  subsea  u n i t s  w i t h  r e g u l a r  o r  i r r e g u l a r  
s h a p e s  h a s  a r i s e n  and h a n d l i n g  these  ca l l s  f o r  a l a r g e r  
moonpool which can  a l s o  b e  used  f o r  a v a r i e t y  of o t h e r  
p u r p o s e s  i . e .  'a Mul t ipu rpose  Moonpool'. Although t h e  
v e r t i c a l  o s c i l l a t i o n  c o n t i n u e s  t o  be a problem, t h e  
i n c r e a s i n g  s i z e  of t h e  moonpool a l lows f o r  t h e  f r e e  
s u r f a c e  to e x h i b i t  g r e a t e r  movement, t hus  making t h e  
s l o s h i n g  mot ion  of t h e  moonpool s i g n i f i c a n t .  The 
combina t ion  of v e r t i c a l  o s c i l l a t i o n  and s l o s h i n g  motion 
w i l l  i ndeed  l e a d  t o  h a z z a r d s  i n  launching and r e t r i e v i n g  
o p e r a t i o n s .  
2. 
Another a s p e c t  of s lo sh ing  i s  t h a t  it can cause h i g h  l o c a l  
s t r u c t u r a l  l o a d s .  A s i m i l a r  problem of  s l o s h i n g  i n  l i q u i d  
ca rgo  t anks  has  rece ived  c o n s i d e r a b l e  a t t e n t i o n .  The 
s i t u a t i o n  i s  i d e n t i c a l ,  i n  t h a t  t h e  water i n  t h e  t a n k  
responds  t o  t h e  s h i p ' s  mot ions  and when t h e  e x c i t a t i o n  is 
n e a r  t h e  n a t u r a l  fundamental  f r equency  of t h e  wa te r ,  t h i s  
r e s u l t s  i n  v i o l e n t  waves. The mot ion  subsequent  t o  t h i s  
e x c i t a t i o n  w i l l  mainly depend upon t h e  depth  of w a t e r  (h)  
and t h e  width of tank  (L). The low d r a f t  case ( f o r  h / L <  
0 .21)  i s  c h a r a c t e r i s e d  by t h e  f o r m a t i o n  of h y d r a u l i c  jumps 
and t r a v e l l i n g  waves f o r  e x c i t a t i o n  p e r i o d s  around r e s o n a n t .  
A t  h i g h e r  d r a f t  (h/L>,O.Zl) l a r g e  s t a n d i n g  waves a r e  u s u a l l y  
formed i n  the  r e sonan t  range .  Fur thermore  i t  i s  unders tood  
t h a t  t h e  f r e e  s u r f a c e  of a l i q u i d  under  fo rced  o s c i l l a t i o n  
h a s  a n  i n f i n i t e  number of n a t u r a l  f r e q u e n c i e s .  However i t  
i s  t h e  lowest  mode t h a t  has  t h e  l i k e l i h o o d  of be ing  e x c i t e d  
s i n c e  t h e  p r e v a i l i n g  f r e q u e n c i e s  of  s h i p ' s  motion a r e  
r e l a t i v e l y  low. 
The phenomenon of  water  s l o s h i n g  i n  moonpools i s  v e r y  
compl ica ted .  Apar t  from t h e  many parameters  such a s  s i z e  
and geometr ica l  shape of t h e  moonpool,  t h e r e  a r e  t h e  
non- l inea r  e f f e c t s  such a s  t h e  f r e e  s u r f a c e  and a t  t h e  
f l u i d - s i d e  wa l l  i n t e r f a c e .  Being a r e l a t i v e l y  new problem, 
i t  h a s  n o t  r e c e i v e d  any s e r i o u s  e f f o r t  i n  r e sea rch .  It m u s t  
a l s o  b e  s t a t e d  t h a t  s l o s h i n g  in t a n k s  h a s  n o t  been s u c c e s s f u l l y  
so lved  d e s p i t e  t h e  f a c t  t h a t  i t  h a s  r ece ived  much a t t e n t i o n .  
With t h e  above i n  mind, p l u s  t h e  l i m i t e d  t i m e  a v a i l a b l e ,  
p a r t i c u l a r  emphasis was p laced  on expe r imen ta l  s t u d i e s .  
3 .  
The format  of t h e  t h e s i s  b a s i c a l l y  comprises of t e n  
c h a p t e r s .  
I n  Chapter 3 t h e  L i t e r a t u r e  Review i n v e s t i g a t e s  and 
h i g h l i g h t s  p r e v i o u s  w o r k  which has been conducted i n  t h i s  
f i e l d .  A s  s l o s h i n g  i n  moonpools i s  a r e l a t i v e l y  new 
problem, t o  d a t e  t h e r e  h a s  been  l i t t l e  o r  no work r eco rded .  
Thus most of t h e  work e x p r e s s e d  i n  t h e  L i t e r a t u r e  Review 
i s  on r e l a t e d  t o p i c s  i . e .  s l o s h i n g  i n  t a n k s .  Chapter 4 
d i s c u s s e d  t h e  p r o j e c t  approach ,  bo th  from a t h e o r e t i c a l  
and expe r imen ta l  a s p e c t .  The t h e o r e t i c a l  a s p e c t  c o n s i s t s  
of s i m p l i f y i n g  t h e  s l o s h i n g  motion i n  a moonpool t o  a 
p a r a l l e l  s u r f a c e  p i e r c i n g  b a r r i e r s  undergoing r o l l  motion, 
and t h e  approach  t o  s o l v i n g  t h e  p rob lem w a s  accomplished 
by a p p l y i n g  t h e  wavemaker t h e o r y .  Fur thermore ,  the  
r e s o n a n t  f r e q u e n c i e s  of t h e  s l o s h i n g  motion were c a l c u l a t e d .  
The e x p e r i m e n t a l  s t u d y  g e n e r a l l y  c o n s i s t e d  of making 
comparisons between t h e  s l o s h i n g  motion i n  a moonpool w i th  
a t a n k .  
The aims of t h e  p r o j e c t  a r e  s t a t e d  i n  Chapter 2 .  
The in-depth  t h e o r e t i c a l  s t u d y  i s  c a r r i e d  out  i n  Chapter 5 .  
Here t h e  problem i s  f o r m u l a t e d  by model l ing  t h e  moonpool 
w i t h  v e r t i c a l  b a r r i e r s  and app ly ing  t h e  assumption/ 
boundary c o n d i t i o n s .  The s o l u t i o n  t o  t h e  problem i s  
o b t a i n e d  by c o n s i d e r i n g  waves gene ra t ed  by one b a r r i e r  and 
adding  i t  t o  t h e  waves c r e a t e d  by t h e  neighbouring b a r r i e r .  
The b a r r i e r s  are moving i n  phase  wi th  one a n o t h e r .  The 
a d d i t i o n  of t h e s e  waves b a s i c a l l y  c o n s t i t u t e  a s tanding wave 
which can be m a t h e m a t i c a l l y  expressed by us ing  the  wavemaker 
t h e o r y .  The f i n a l  p a r t  of t h i s  chap te r  i nvo lves  c a l c u l a t i n g  
t h e  r e s o n a n t  f r e q u e n c i e s  by u s i n g  a g e n e r a l  formula f o r  
n a t u r a l  f r equency  and s u b s t i t u t i n g  t h e  r e l e v a n t  resonant  
t e rms .  
4 .  
I n  c h a p t e r  6 t h e  Experimental Study invo lves  employing a 
two-dimensional model tank w i t h  a removeable bottom which 
w a s a t t a c h e d  t o  a r o l l  f o r c i n g  mechanism. This  f e a t u r e  
a l lowed t h e  model i n  a d d i t i o n  t o  a tank t o  be used as  a 
moonpool which was loca ted  and f i t t e d  i n  a towing t a n k .  
The experiment  cons i s t ed  of per forming  a ser ies  of runs  
by a c t i v a t i n g  t h e  r o l l  f o r c i n g  mechanism a t  varying speeds .  
T h i s  i n  tu rn  e x c i t e d  t h e  water w i t h i n  t h e  tank/moonpool and 
t h e r e f o r e  enabled t h e  wave h e i g h t  t o  be measured v i a  a wave 
probe  which was connected t o  a pen r eco rde r  c h a r t .  Addi t iona l  
exper iments  were conducted wi th  b a f f l e s  i n s e r t e d  i n  t h e  model 
t o  i n t r o d u c e  damping and hence i n v e s t i g a t e  t h e  outcome. 
Fur thermore ,  waves were genera ted  i n  the  towing tank t o  
c r e a t e  v e r t i c a l  o s c i l l a t i o n  i n  t h e  moonpool. This meant 
t h a t  o v e r a l l  t h e  resonant  f r e q u e n c i e s  f o r  pu re  s l o s h i n g ,  
ve r t i ca l  o s c i l l a t i o n  and the  coup l ing  e f f e c t  of the  two could 
b e  measured,  The resu l t s  ob ta ined  from t h e  experiments  are  
shown a t  the  end of t h i s  c h a p t e r .  This  a l s o  inc ludes  a 
summary o f  Experimental  R e s u l t s  and Observa t ions .  
d e s c r i p t i o n  on t h e  cha rac t e r  of f l u i d  tank/moonpool behaviour  
wi th  a s e t  of photographs t aken  du r ing  t h e  experiments  a r e  
i n  Chapter  7 .  
A b r i e f  
Chapter  8 invo lves  d i scuss ions  on t h e  experimental  and 
t h e o r e t i c a l  s t u d i e s  and Chapter 9 mentions a r e a s  which 
r e q u i r e  f u r t h e r  r e sea rch .  F i n a l l y ,  t h e  outcome of t h e  
work conducted f o r  t h i s  t h e s i s  is concluded i n  Chapter 10. 
5.  
2.0 AIMS OF THE PROJECT -
The main aim of this project is to investigate the 
behaviour of sloshing in moonpools with relatively large 
dimensions and obtain a b a s i c  knowledge and understanding 
of the problem. 
More specifically the aims are: 
1 .  To carry out experiments to compare the phenomenon 
of water s l o s h i n g  in a moonpool w i t h  the same in a 
closed container. 
2 .  To develop a simple theoretical model of moonpool 
sloshing and verify it through experimental results. 
3 .  To explore methods of reducing sloshing motion. 
3.0 LITERATURE REVIEW -
In the past, analytical studies of liquid motion in rigid 
containers has been subjected to numerous investigations. 
The majority of the present and past work are based on 
simplified potential flow. Two classes of solutions have 
been established from this theory, i.e. the linear and 
non-linear solutions. It is obvious that the linear 
solutions are the simplest in that the equation is 
linearised by neglecting the second order term. 
case of non-linear solution, the assumption in neglecting 
the second-order term cannot be made. Hence this entails 
a more complex solution involving either the Power Series 
or the Numerical methods. A great deal of non-linear 
studies of liquid sloshing have stemmed from Moisiev's 
theory (See ref.[Z]). 
In the 
Faltinsen [ 3 ]  studied the effect of sloshing in rectangular 
tanks. The theoretical study uses the non-linear perturbation 
technique. This mathematical model is an extension of 
Moisiev's theoretical work. In his analysis, Faltinsen 
considers the depth of fill to be moderate to large and 
assumes small amplitude roll motions of containers. In a 
more recent paper, Faltinsen [ 4 ]  applied a boundary integral 
technique in favour of the finite element or finite difference 
technique. The problem was formulated for sway only and uses 
the distribution of sources on the boundaries and free surface 
in order to determine the potential at any point in the fluid. 
!Chis method is very cumbersome and not entirely successful 
when comparisons were made with the experiments. 
for this error, Faltinsen performed an additional theoretical 
study based on another mathematical model. 
To account 
7 .  
This  was ach ieved  by u s i n g  a s m a l l  f i c t i t i o u s  term which 
w a s  added i n  t h e  dynamic f r e e  s u r f a c e  c o n d i t i o n  and t h e  
mathemat ica l  model was completed by t h e  u s u a l  p rocess  of 
s a t i s f y i n g  t h e  boundary c o n d i t i o n s  and s e p a r a t i n g  the  
v a r i a b l e s .  Th i s  w a s  p u r e l y  f o r  a t r a n s i e n t  ca se ,  i . e .  f r e e  
v i b r a t i o n s .  
The shal low-depth c a s e  h a s  been  i n v e s t i g a t e d  by Chu and Ying [5], 
C h e s t e r  [ 6 ] ,  Verhagen and Wijngaarden [ 7 ]  and Wijngaarden [ 8 ] .  
The s o l u t i o n  i s  d e r i v e d  by u s i n g  a p e r t u r b a t i o n  method. The 
l i n e a r  t h e o r y  of  a c o u s t i c s  which i s  a l s o  known a s  the  shallow 
w a t e r  wave t h e o r y  i n  t h e  a r e a  of  hydrodynamics, i s  used. It  
p r e d i c t s  a s i n g l e  h y d r a u l i c  jump of  cons t an t  s t r e n g t h  which 
moves p e r i o d i c a l l y  baclc and  f o r t h  i n  the c o n t a i n e r .  
T h e o r e t i c a l  and e x p e r i m e n t a l  s t u d y  of s h i p - r o l l  s t a b i l i s a t i o n  
t a n k s  have been conducted by Chu and  co-workers [ 9 ] .  Although 
t h e  r e s u l t s  of t h e  t h e o r e t i c a l  s t u d y  were n o t  comparable wi th  
t h e  expe r imen ta l  s t u d y ,  t h e  work p rov ides  u s e f u l  in format ion  
on expe r imen ta l  t e c h n i q u e s .  During t h e  experiments  t h e  movement 
of f r e e  s u r f a c e  was mapped a t  d i s c r e t e  i n t e r v a l s  i n  time wi th  
small  a n g l e s  of r o l l  o s c i l l a t i o n .  A d e t a i l e d  d e s c r i p t i o n  was 
a l s o  g iven  on t h e  g e n e r a l  c h a r a c t e r  of t ank  f l u i d  behaviour .  
Dernirbilek [ I O ]  s t u d i e d  Energy D i s s i p a t i o n  s losh ing  waves i n  a 
r o l l i n g  t a n k .  He men t ions  t h a t  v i scous  i n  s l o s h i n g  plays a n  
impor t an t  ro le  and t h e r e f o r e  t h i s  should n o t  be  ignored.  Due 
t o  t h e  f a c t  t h a t  t h e r e  has been  r e l a t i v e l y  l i t t l e  work on t h e  
e f f e c t  of v i s c o s i t y  i n  s l o s h i n g ,  the paper  in t roduces  a l i n e a r  
t h e o r y  of v i s c o u s  l i q u i d  s l o s h i n g  and fo rmula t e s  a boundary 
v a l u e  problem s u b j e c t  t o  t h e  a p p r o p r i a t e  c o n d i t i o n s .  Viscos i ty  
i s  inc luded  i n  t h e  problem f o r m u l a t i o n .  
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Demirbilek formulates the problem on the basis of absolute and 
apparent accelerations, Absolute accelerations consisted of 
Euler's equation of motion, and apparent accelerations were 
defined as a combination of translational, centrifugal, Euler 
and Coriolis accelerations. The purpose of introducing these 
fictitious accelerations was to account for the translational 
and rotational motion of the moving co-ordinate system. The 
formulation was completed by the usual conditions, and 
supposingly allowed for viscosity by incorporating the effects 
into the dynamic free surface boundary conditions. (The actual 
process was not published). 
The mathematical solution involves expressing the velocity 
potential Gi in terms of hyperbolic functions and trigonometric 
functions in order to express the waves in the tank. This was 
incorporated into an infinite Fourier series-type solution. 
The outcome of this study provided useful information in the 
relation of viscous dissipation with Reynolds and Froude 
numbers which were expressed in terms of the tank dimensions. 
Furthermore, this allows the prediction of the fact that as 
the draft increases less viscous energy is dissipated. 
The theory of wavemaking was first introduced by Haverlock [ l l ] .  
The principle formula was derived by considering the motion 
of the water surface to consist of travelling waves together 
with local disturbance. This type of solution is one which 
may have possible application to the waves produced i n  water 
by the small oscillations of a solid body. 
can be considered as the superimposition of two travelling waves 
of the same amplitude and same period, travelling in opposite 
directions. 
A standing wave 
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With t h i s  i n  mind, the  t h e o r y  of wavemaking can b e  used 
t o  e x p r e s s  the  s t and ing  waves and l o c a l  d i s t u r b a n c e s  which, 
f o r  e x a m p l e , o c c u r s i n  t h e  moonpool when e x c i t e d  by t h e  r o l l  
motion of t h e  v e s s e l .  
Bass and co-workers [ I 2 1  i n v e s t i g a t e d  t h e  e f f e c t  of L i q u i d  Loads 
i n  LNG cargo  t a n k s .  The pape r  p r e s e n t s  t h e  r e s u l t s  of a 
r e s e a r c h  s t u d y  t o  develop LNG t a n k  d e s i g n  methodology f o r  l o a d s  
r e s u l t i n g  from LNG s l o s h i n g .  The experiment comprised of 
g a t h e r i n g  s l o s h i n g  da ta  f rom s c a l e d  models wi th  a range  of f i l l  
d e p t h s ,  e x c i t a t i o n  f r e q u e n c i e s ,  ampl i tudes  and tank w a l l  
p r e s s u r e  measurements, Emphasis has  been made on s l o s h  induced 
dynamic w a l l  p r e s s u r e s  which i s  of concern  when c o n s i d e r i n g  t h e  
s t r u c t u r a l  s t r e n g t h  of t a n k s .  
S losh ing  i n  t anks  i s  a compl i ca t ed  problem and t h i s  problem h a s  
n o t  been s u c c e s s f u l l y  s o l v e d .  Indeed ,  s l o s h i n g  coupled w i t h  
v e r t i c a l  o s c i l l a t i o n  adds f u r t h e r  compl i ca t ion  t o  t h e  problem. 
To d a t e  t h e r e  h a s  been no work r eco rded  i n  t h i s  f i e l d .  T h i s  
means t h a t  the l i t e r a t u r e  r ev iew r e v e a l s  only p a r a l l e l  s t u d i e s  
which have been under taken  and  have a s i m i l a r  p a t t e r n  of 
behaviour  and pe rhaps  i n  some way may be r e l a t e d .  
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4 .O - PROJECT APPROACH 
The approach  i n v o l v e s  t h e  t h e o r e t i c a l  and exper imenta l  s tudy .  
I n  view of c r i t i c a l  r ev iew more emphasis i s  g iven  t o  t h e  
l a t t e r .  
1 .  T h e o r e t i c a l  Study 
Waves gene ra t ed  i n  t h e  moonpool by t h e  r o l l i n g  motion a r e  s i m i l a r  
t o  thosewaves  caused by two p a r a l l e l  su r f ace -p ie rc ing  b a r r i e r s  
undergoing  r o l l  motion.  I n  t u r n ,  t h e  two b a r r i e r  problem can 
be  so lved  by c o n s i d e r i n g  waves genera ted  by each b a r r i e r .  The 
approach  t o  s o l v i n g  t h e  problem i s  accomplished by apply ing  t h e  
wavemaker t h e o r y .  Hence t h e  s i m p l i f i c a t i o n  of a moonpool 
problem t o  a two b a r r i e r  problem a l lows  t h i s  approach t o  be  
t aken .  
2 .  Exper imenta l  Study 
Pure s l o s h i n g  which i s  t h e  r e s u l t  of a l i q u i d  i n  a tank  
undergoing  r o l l  motion i s  a l ong  s t a n d i n g  and w e l l  e s t a b l i s h e d  
problem which h a s  r e c e i v e d  much a t t e n t i o n .  
t h e  water  i n  t h e  moonpool w i t h  r e l a t i v e l y  l a r g e  dimensions i s  
s t i l l  i n  t h e  pr imary  s t a g e s  of i n v e s t i g a t i o n .  Whether t h e s e  
two problems have  s i m i l a r  c h a r a c t e r i s t i c s  s t i l l  has  t o  b e  
s t u d i e d .  The e f f e c t s  of v e r t i c a l  o s c i l l a t i o n  on t h e  s lo sh ing  
i n  moonpools a r e  also unknown. The obvious approach i n  
t a c k l i n g  t h e s e  unknown a s p e c t s  a r e  t o  make comparisons. 
The motion of 
Making comparisons between t h e  two c a s e s  n o t  on ly  al lows t h e s e  
p a r t i c u l a r  a s p e c t s  t o  be h i g h l i g h t e d  bu t  i t  w i l l  enhance t h e  
fundamental  u n d e r s t a n d i n g  of t h e  problem. 
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Furthermore, it will also determine the parameters which play 
an important role in the sloshing behaviour of water in 
moonpools. With this in mind, the experimental study will 
comprise of a rectangular tank undergoing roll oscillation 
which will represent a purely sloshing behaviour, and a 
rectangular open moonpool section immersed in a towing tank 
undergoing the same excitation. 
A s  the moonpool increases in size, it is inevitable that some 
form of  damping will be necessary to ensure that operations in 
launching and retrieving can be safely carried out. Therefore 
additional experiments are also carried out to demonstrate the 
effects of increasing damping with the aid of baffles. 
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5 .0  THEORETICAL STUDY - 
5 . 1  INTRODUCTION 
When a body i s  immersed i n  wa te r  and undergoes t h e  roll motion ,  
t h i s  r e s u l t s  i n  waves b e i n g  g e n e r a t e d .  The p r i n c i p l e  of 
wavemaking has been e x t e n s i v e l y  s t u d i e d  ( s e e  r e f .  [ I l l ,  [lZ] 
and [ I31  and h a s  been a p p l i e d  t o  a wide range  of wavemakers 
such  as f l a p  t y p e ,  wedge type  and so on. 
B a s i c a l l y ,  t h e  wavemaker t h e o r y  r e p r e s e n t s  t h e  waves genera ted  
i n  two p a r t s :  t r a v e l l i n g  waves which propogate  i n  t h e  X-direction 
( s e e  f i g .  5 .1)  and l o c a l  d i s t u r b a n c e s  which decay as t h e  d i s t a n c e  
from t h e  wavemaker i n c r e a s e s .  I f  a second b a r r i e r  i s  p laced  a t  
a d i s t a n c e  2a and e x p e r i e n c e s  r o l l  motion (assuming small  
a m p l i t u d e  r o l l ) ,  t h e r e  will b e  two p r o g r e s s i v e  p e r i o d i c  waves 
of t h e  same p e r i o d  and ampl i tude  b u t  t r a v e l l i n g  i n  t h e  o p p o s i t e  
d i r e c t i o n .  This r e s u l t s  i n  a fo rma t ion  of a s t a n d i n g  wave. 
When c o n s i d e r i n g  t h e  moonpool, i t  i s  expec ted  t h a t  t h e  r o l l  
mot ion  w i l l  produce s t a n d i n g  waves as  i n  t he  case of a t a n k .  
On t h i s  b a s i s  of s i m i l a r i t y ,  t h e  wavemaker theo ry  w i l l  be 
a p p l i e d  t o  the moonpool problem; b e a r i n g  i n  mind t h a t  t h i s  
approach  h a s  n e v e r  been a t t empted .  
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5.2 FORMUZATION OF THE PROBLEM 
Cons ide r  a two-dimensional c a r e s t i a n  co -o rd ina te  system w i t h  
i t s  o r i g i n  a t  t h e  undis turbed  f r e e  s u r f a c e  on t h e  c e n t r e l i n e  
of  t h e  moonpool w i th  y p o s i t i v e l y  downwards. 
i n f i n i t e l y  long  b a r r i e r s  (moonpool) i s  2a w h i l e  t h e  depth  o f  
immersion i s  h .  The moonpool i s  f o r c e d  t o  o s c i l l a t e  
h a r m o n i c a l l y  i n  r o l l i n g  mode w i t h  small  ampl i tude  a t  
f r e q u e n c y  W ( s e e  f i g .  5 . 2 ) .  
The width of t h e  
Assumptions and Boundary Condi t ions  
The ampl i tude  of motion of t he  b a r r i e r s  i s  assumed t o  be small 
s o  t h a t  t h e  e q u a t i o n s  can be l i n e a r i s e d .  
t h e  h o r i z o n t a l  f l u i d  v e l o c i t y  a t  x = +a i s  equa l  t o  t h e  component 
of t h e  v e l o c i t y  of t h e  moonpool ( b a r r i e r s ) .  V i s c o s i t y  and 
s u r f a c e  t e n s i o n  a r e  neg lec t ed .  
With t h i s  approximation,  
Cons ider  t h e  fo l lowing :  
( a )  F l u i d  i s  incompress ib le  and f l o w  i s  
i r r o t a t i o n a l  so t h a t  t h e r e  e x i s t s  a 
v e l o c i t y  p o t e n t i a l  which s a t i s f i e s  
L a p l a c e  e q u a t i o n .  
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( b )  The l i n e a r i s e d  f r e e  s u r f a c e  c o n d i t i o n  i s  
g i v e n  by: 
K O +  & = 0 a t  y-O , . .. . . . .. . (2) 
dY 
For f u r t h e r  information on (a) and (b)  s e e  
Appendix I11 and r e f .  [ 1 4 ,  151. 
( c )  Body Boundary Conditions 
dd = k u ( y )  Cos w t  a t  x = +a 
d X  
- 
where U(y) i s  the h o r i z o n t a l  component of the  
v e l o c i t y  a t  any po in t  ( a , y )  on t h e  b a r r i e r s  and 
w i s  t h e  frequency of moonpool r o t a t i o n .  Se,e 
a l s o  r e f .  [12 ,  131. 
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a = amplitude 
Y 
Fig. 5.1 Flap Type Wavemaker 
n 
C 
(C is cent re  of rotation) 
F i g .  5.2 (Two Barriers Representing a Moonpool) 
5 . 3  SOLUTION 
The e x p r e s s i o n  f o r  
s a t i s f i e s  t h e  c o n d i t i o n s  i n  5 . 2  a r e  i n  t h e  form as shown 
below: 
being t h e  v e l o c i t y  p o t e n t i a l  which 
Q= 0,. Q2 ................................... ( 4 )  
where r e p r e s e n t s  Standing Waves and (J2 l o c a l  o s c i l l a t i o n s  
( i . e .  a t  x = a o s c i l l a t i o n s  a t  x = -a d i s a p p e a r s  and v i c e  
v e r s a ) .  
1 
Cosh Ky SinKa Coswt ............... (5) Thus @,= 2 A  K I 
) Coswt  .. ( 6 )  -Kn(a+x) + eIn(x-a) @ 2 =  An Cos Kny ( e  
Kn 
The c o n s t a n t s  A and An a r e  chosen t o  s a t i s f y  equa t ion  ( 3 )  
( s e e  5 . 2 )  
K ,  KR a r e  wave numbers such t h a t  K = 2TT/), 
Kn = 2n(2n-1) where 
n i s  a n  i n t e g e r .  
and 
h i s  t h e  wavelength  and 
A 
By a p p l y i n g  t h e  boundary c o n d i t i o n s  and s o l v i n g  t h e  equa t ions  
in t h e  manner as shown i n  Appendix 11, t h e  c o n s t a n t s  A and An 
can b e  de te rmined .  
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i . e .  A = 2WeS Cosh Kh ....... .(7) 
Kh Cos2Ka (SinKh Cosh Kh + Kh) 
and An = 32WeS CosKnh ........ (8) 
( SinKnh CosKnh + Knh) -Kn2a Knh e 
where h = d r a f t  (m) 
S = amplitude of r o l l  motion (m) 
2a = width of moonpool (m) 
We = frequency of e x c i t a t i o n  ( r a d / s )  
( s e e  Appendix I1 f o r  f u r t h e r  d e t a i l s )  
By s u b s t i t u t i n g  ( 7 )  and ( 9 )  i n t o  (5) and (6)  y i e l d s  
@,= 4 We S CoshKh CoshKy SinKx Cos w t  
K2h Cos2Ka (SinhKh CosKh + Kh) 
The s u r f a c e  e l e v a t i o n  i s  g i v e n  by 
3 = I W d t  ................................ (9) 
g 
A t x = a  
131 = 2We S S i n  w t  (w) 2CoshKh SinKa - 
h K2 CosKa (SinhKh CosKh + Kh) + 
00 ................................ (IO) z CosKnh 
n=l kn2 ( SinKnh CosKnh + Knh) 
t h e  r e s o n a n t  f requency i s  g iven  by 
Wn = (Kn g t a n h  Knh) 
'h 
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The lowes t  mode i s  most l i k e l y  t o  be e x c i t e d ,  
i . e .  n = 1 t h e r e f o r e :  
g tanh 2TT h . .. ... , ....... ......... (12) 
x 
A t  r e sonance ,  assuming t h a t  A =  4a and s u b s t i t u t i n g  i n  
e q u a t i o n  (10) y i e l d s  
1 3 1  +a, i . e .  t h e  amplitude o f  wave approaches i n f i n i t y ,  
a t  n e a r  resonance c o n d i t i o n s .  
Thus t h e  frequency of r e sonan t  i s  such t h a t  i t s  wavelength 
i s  4a. 
Hence from e q u a t i o n  (12 )  y i e l d s  
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5 . 4  CALCULATION OF RESONANT FREOUENCIES 
(a )  S losh ing  Motion: 
The Resonant F requenc ie s  of t h e  s l o s h i n g  motion a r e  c a l c u l a t e d  
f r o m  e q u a t i o n  (13) (5.3) by s u b s t i t u t i n g  numerical  v a l u e s  f o r  
both h and 2a.  The r e s u l t s  a r e  t a b u l a t e d  below: 
ASPECT RATIO WREs r a d / s  Was r a d / s  
2a = 0 . 5  2a = 0 . 2  (h /2a )  
0 .25  6 . 3 6  4 . 5 0  
0 . 5  7 . 5 2  5 . 3 2  
1 .oo 7.84 5 . 5 4  
1.50 7.85 5.55  
(b) V e r t i c a l  O s c i l l a t i o n  
Neglec t ing  n o n - l i n e a r i t i e s  due t o  v a r i a b l e  mass i n  t h e  
moonpool, t h e  n a t u r a l  f requency  for t h e  f r e e  undamped 
moonpool o s c i l l a t i o n  i s  g i v e n  by:  
'12 
w v =  ............................... (14) 
where h i s  d r a u g h t  of moonpool, g = 9.81rn/s2 and h i s  t h e  
e q u i v a l e n t  l e n g t h  of added water column below moonpool. 
See r e f .  [ 1 6 ] .  
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Equat ion  ( 1 4 )  can b e  rear ranged  a s  f o l l o w s :  
h = g/Wv2 - h‘ ............................... (15) 
t 
i n  a d d i t i o n ,  h’ a (At)%here A t  e q u a l s  t h e  c r o s s  s e c t i o n a l  
a r e a  of t h e  moonpool. 
i! -4 h’ = c o n s t a n t  (At) ........................ (16)  
The v a l u e s  of h and Wv a r e  ob ta ined  from t h e  experimental  
s tudy  and s u b s t i t u t e d  i n t o  e q u a t i o n  (15 ) .  (See Table 5 ) .  
This  a l l o w s  h’ 
(16) t h e  c o n s t a n t  can  be eva lua ted  a s  shown i n  Table 1 .  
t o  be  c a l c u l a t e d  and t h e r e f o r e  from equa t ion  
TABLE 1 
Frequency D r a f t  
( r ad /S )  (m) 
*wv 1 jwv2 h g /wv2 h’ (AtP Constant 
6.91 0 .021  0.125 0.206 0.081 0 .274  0.30 
5.53 0.033 0.250 0 .324 0 .074 0 .274 0.27 
6.03 0.028 0 .200 0 .274 0.075 0 .173 0.43 
4 . 9  0.042 0.300 0 .412  0.112 0 .173  0.65 
* See Table  5 
I d e a l l y ,  f a r  an  ave rage  va lue ,  t h e  c o n s t a n t  should be 
e v a l u a t e d  from a much l a r g e r  sample of  d a t a .  
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However, i n  o r d e r  to make comparisons, i t  i s  p o s s i b l e  t o  u se  
a c o n s t a n t  of 0.41 d e r i v e d  by Fukuda ( s e e  r e f .  [ 161, b e a r i n g  
i n  mind t h a t  on ly  v e r t i c a l  o s c i l l a t i o n  i s  cons ide red ) .  
The r e s u l t s  c a l c u l a t e d  from equa t ion  (15)  u s i n g  equa t ion  
( 1 7 )  are  shown i n  Table  2 .  
TABLE 2 
ASPECT RATIO wv 
h / 2 a  r a d /  s 
0.25 6 . 4 3  
0.50 5.22 
1 .oo 6.02 
1.50 5.70 
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6.0 EXPERIMENTAL STUDY -
6.1 INTRODUCTION 
In the past, theoretical studies have been presented in order 
to tackle the general problem of liquid sloshing in tanks. 
are complex in nature, often involving assumptions which tend 
to divert the problem from a reality to an ideal case. 
However, liquid sloshing in tanks is regarded as a relatively 
well established engineering problem, whilst water sloshing 
in moonpools is a relatively new problem which means that 
virtually no information is available on this topic. 
They 
In order t o  exploit the limited resources, some useful 
information can be obtained by comparing the two cases of 
water sloshing i.e. the tank and the moonpool. This will 
provide a foundation to a more comprehensive analysis of the 
problem. Therefore the main aims of the experiments are: 
To compare the behaviour of sloshing in a tank 
with a moonpool when excited by roll motion of the 
vessel. 
To compare the above results with the calculated 
resonance frequencies. 
To explore methods of  increasing damping with the 
aid of baffles . 
roll motion was chosen because out of t he  six modes of 
motions it is the most influential mode in sloshing. 
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6 . 2  DESCRIPTION OF MODEL 
The basic configuration of the model used in performing 
experiments is shown in fig. 6 . 2 .  The two dimensional 
model was constructed from 13m plywood with a front perspex 
panel for viewing. It also has a bottom which can be 
easily removed. This feature allows the model to be used 
to represent a liquid tank and a simplified moonpool 
undergoing roll motion. The dimensions of the model are 
500mmL x 700mmh x 150mmW. The experimental arrangement is 
shown in fig. 6.2, 6.3 and 6 . 4 .  
The amplitude of roll of the model was fixed at approximately 
34". 
carry out a series of experiments with a variation of roll 
angles. 
It was not possible due to the restriction on time to 
To accommodate higher aspect ratios, for example h/2a = 1.0, 
1.5, it was necessary to reduce the width of the model. 
This was achieved by constructing two hollow square sections 
of 150mmL x l50mmW x 700mh.  These sections were wedged 
inside the model against the sides and held in position by 
suitable clamps. 
Finally, baffles of two different sizes, 20/40mm x 150mmL 
were cut from thin plastic material and these were to be 
pressed into place as shown in fig. 6.1. 
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6.3 INSTRUMENTS USED AND EXPERIMENTAL PROCEDURE 
The t ank  was f i l l e d  t o  t h e  r e q u i r e d  water  depth.  I n  the  case 
of  t h e  moonpool, t h e  a p p r o p r i a t e  water  depth  was achieved by 
r a i s i n g  o r  l ower ing  t h e  dex ion  frame s u p p o r t ,  see f i g .  6 . 4 .  
The wave probe  and t h e  l i n e a r  v a r i a b l e  t r ans fo rmers  (LVDT) 
were c a l i b r a t e d  t o  0.05v/cm and O.lv/cm r e s p e c t i v e l y .  The 
s i g n a l s  from t h e s e  t r a n s d u c e r s  were then  recorded  on a pen 
r e c o r d e r .  
The r o l l  f o r c i n g  mechanism was switched on and once t h e  s t eady  
s t a t e  was ach ieved  ( w i t h i n  a m i n u t e ) ,  t h e  r e s u l t s  were taken.  
The motor was t h e n  swi tched  o f f  a l lowing  t h e  motions w i t h i n  
t h e  model t o  s u b s i d e  b e f o r e  g e n e r a t i n g  ano the r  e x c i t a t i o n  
f r equency  i n  a s i m i l a r  manner. 
Exper iments  Conducted (See Table  3)  
( 1 )  Tank f o r c e d  t o  r o l l  w i t h  v a r y i n g  e x c i t a t i o n  f r equenc ie s .  
( 2 )  Tank a s  i n  (1) b u t  w i t h  damping ( b a f f l e s ) .  
(For  b a f f l e ' s  p o s i t i o n  see Table  4 ) .  
( 3 )  Moonpool f o r c e d  t o  r o l l  as i n  ( 1 ) .  
( 4 )  Moonpool s t a t i o n a r y  w i t h  waves genera ted*  by 
wavemaker i n  towing  
o s c i l l a t i o n s .  
t a n k  t o  produce v e r t i c a l  
(5) Moonpool w i th  waves g e n e r a t e d  and a l s o  fo rced  t o  
r o l l  a s  i n  ( 1 )  t o  produce coup l ing  e f f e c t .  
25. 
(6 )  Moonpool as  i n  ( 1 )  b u t  w i t h  damping (see  Table 4 
f o r  b a f f l e ' s  p o s i t i o n ) .  
TABLE 3 
To show t h e  t y p e s  of  exper iment  c a r r i e d  ou t  a t  v a r i o u s  
a s p e c t  r a t i o s .  
ASPECT RATIOS 
0.25 0.5 1 .0  1.5 
1 1 1 1 
- - 2 - 
3 3 3 3 
4 4 4 4 
5 5 5 5 
- - 6 - 
Note: Number i n d i c a t e s  t h e  t y p e  of expe r imen t ,  as desc r ibed  -
i n  main t e x t .  See above ,  
* Waves were g e n e r a t e d  p r i o r ,  a t  and j u s t  a f t e r  r e sonan t  
f r e q u e n c y  due to v e r t i c a l  o s c i l l a t i o n .  
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6 . 4  MOONPOOL EXPERIMENTS WITH WAVES 
Simple harmonic waves of a range  of f r e q u e n c i e s  were genera ted  
by the  wavemakers, and thus produced an o s c i l l a t i n g  column of 
wa te r  w i t h i n  t h e  maonpool. 
o s c i l l a t i o n  were then  measured wi th  i t s  cor responding  
f r e q u e n c i e s .  The moonpool was e x t e r n a l l y  e x c i t e d  by t h e  r o l l  
f o r c i n g  mechanism d u r i n g  v e r t i c a l  o s c i l l a t i o n ,  and i n  some 
c a s e s  where t ime  p e r m i t t e d ,  b e f o r e  and a f t e r ;  the procedure  
be ing  e x a c t l y  t h e  same as i n  6.3.  The t h i r d  channel from 
the  pen r e c o r d e r  was connected t o  t h e  wave probe s i t u a t e d  
o u t s i d e  t h e  v i c i n i t y  of the  moonpool, p o s i t i o n e d  in phase 
w i t h  t h e  wave probe  i n s i d e  t h e  moonpool. This allowed t h e  
r a t i o  o f  Moonpool Wave amp/wave amp t o  be c a l c u l a t e d .  
The ampl i tudes  of the  v e r t i c a l  
2 7 .  
wave 
monitor Axis of roll motion 
I '  I I L 
P i g .  6.2 Experimental Arrangement 
base. 
Fig. 6.1 Basic Configuration of the Model 
28. 
F i g .  6.3 Shows the Arrangement of a Tank Experiment 
F i g .  6 . 4  Shows the Arrangement of a Moonpool Experiment 
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6 . 5  RESULTS AND COMMENTS 
The r e s u l t s  from t h e  expe r imen ta l  s tudy  allowed comparisons 
t o  b e  made between t h e  tank and moonpool. I n  a d d i t i o n  t h e  
r e s o n a n t  f r e q u e n c i e s  o b t a i n e d  from t h e  experiment were 
compared w i t h  t h e  c a l c u l a t e d  v a l u e s ,  R e s u l t s  from t h e  
expe r imen t s  a r e  p l o t t e d  on g raphs  ( 1 - 1 7 ) .  On i n s p e c t i n g  
t h e  g r a p h s  it can b e  s e e n  t h a t  t h e  p o s i t i o n  a t  resonance  
l i e s  i n  t h e  narrow band between t h e  drawn cu rves .  Wi th in  
t h i s  band waves tended  t o  b reak  and t h u s  t h e  d a t a  tend t o  be 
u n r e l i a b l e .  Hence t h e  peaks were n o t  drawn. An example of 
t h i s  b e h a v i o u r  i s  shown from t h e  o u t p u t  of t h e  pen r e c o r d e r  
on E i g .  AI .1  (Appendix I) , c l e a r l y  i l l u s t r a t i n g  t h e  ' b e a t i n g '  
phenomenon. The b e a t i n g  e f f e c t  p u r e l y  s u g g e s t s  t h a t  t h e  
d i f f e r e n c e  between t h e  e x c i t a t i o n  f requency  and n a t u r a l  
f r equency  a r e  c l o s e ,  i . e .  approaching  resonance  c o n d i t i o n s  
and n o t  r e s o n a n c e .  
Table  4 t a b u l a t e s  t h e  r e su l t s  o b t a i n e d  from g raphs  1-4 and 
t h e  c a l c u l a t e d  v a l u e s  of  r e s o n a n t  f r e q u e n c i e s .  For a s p e c t  
r a t i o  ( h / 2 a )  e q u a l  t o  0.5 t h e  r e s o n a n t  f requency  f o r  bo th  
t h e  t ank  and moonpool are v e r y  c l o s e ,  t o  w i t h i n  7 % .  
Fu r the rmore  t h e  c a l c u l a t e d  v a l u e s  provided  a v e r y  good 
approx ima t ion  i n  b o t h  c a s e s ,  i . e .  w i t h i n  6% for t h e  t ank  
and 1 %  f o r  t h e  moonpool. For a s p e c t  r a t i o  of 1 .0 ,  t h e  
r e s o n a n t  f r e q u e n c i e s  € o r  t h e  t a n k  and moonpool a r e  v e r y  c l o s e ,  
t o  w i t h i n  4 % .  
(h /2a )  e q u a l  t o  1.5. I n  a d d i t i o n ,  t h e  c a l c u l a t e d  v a l u e s  
g i v e  a r e a s o n a b l e  approx ima t ion  f o r  t h e  tank and perhaps 
i n d i c a t e  a s l i g h t l y  b e t t e r  accu racy  i n  f avour  of t h e  
moonpool ( s e e  Table  4 ) .  G e n e r a l l y  t h e  t r a n s i t i o n  from 
h / 2 a  e q u a l  t o  1.0 t o  1.5 a p p e a r s  t o  have l i t t l e  e f f e c t  i n  
t h e  r e s o n a n t  f r equency  . 
T h i s  a l s o  a p p l i e s  t o  h i g h e r  a s p e c t  r a t i o  
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T h e r e f o r e  i t  i s  appa ren t  t h a t  t h e  r e sonan t  f r e q u e n c i e s  wi th  
t h e s e  a s p e c t  r a t i o s  ( h / 2 a  = 1.0-1.5) a r e  approaching a 
maximum l i m i t .  This behav iour  can be confirmed by 
i n v e s t i g a t i n g  t h e  formula as  shown below: 
w h e r e  h = dep th  of water 
2a = wid th  of t ank  
g = 9 .18  m / s  
When t a n h  + 1 W, - (gT/Za) , i . e .  f o r  a p a r t i c u l a r  
w id th ,  W, approaches a c o n s t a n t  ( s e e  graph ( 1 7 ) .  
A t  t h e  lower a s p e c t  r a t i o  ( h / 2 a  = 0.25) t h e  r e sonan t  
f r equency  of t h e  t ank  and t h e  moonpool showed a l a r g e r  
p e r c e n t a g e  d i f f e r e n c e  i . e .  27%, t h e  r eason  b e i n g  t h a t  i n  
t h e  c a s e  of t h e  t ank  expe r imen t  t h e  mass of wa te r  can be 
e a s i l y  d e f i n e d  due t o  t h e  s o l i d  b o u n d a r i e s ,  However, t h e  
moonpool h a s  a v a r y i n g  mass o f  w a t e r  and as a consequence 
t h e  r e s o n a n t  f r equency  was found t o  be h i g h e r  by 27% i n  
comparison w i t h  t h e  t a n k .  Although t h e  t h e o r e t i c a l  v a l u e  
showed t o  be  i n  good c o r r e l a t i o n  w i t h  t h e  f i g u r e  ob ta ined  
from t h e  t a n k  expe r imen t ,  i n  t h e  c a s e  of t h e  moonpool, t h e  
t h e o r e t i c a l  v a l u e  was under  e s t i m a t e d  b y  a s  much as 37%. 
(See Tab le  4 ) .  
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The n a t u r a l  f r e q u e n c y  of t h e  w a t e r  was found by a l lowing  
t h e  w a t e r  t o  o s c i l l a t e  f r e e l y  a f t e r  be ing  e x c i t e d .  The 
r e s u l t s  o b t a i n e d  a r e  shown i n  Table  5 ,  i n  which comparisons 
a r e  made w i t h  t h e  f r e q u e n c i e s  a t  resonance  and t h e  t h e o r e t i c a l  
v a l u e s .  It  can  be  seen t h a t  t h e  n a t u r a l  f r e q u e n c i e s  are 
s l i g h t l y  h i g h e r  t h a n  t h e  e x c i t a t i o n  f r e q u e n c i e s  a t  
r e sonance  and a l s o  t h a t  t h e y  a r e  c l o s e l y  r e l a t e d  t o  t h e  
t h e o r e t i c a l  v a l u e s .  
Chapter  7 gives a b r i e f  d e s c r i p t i o n  t o g e t h e r  wi th  photographs 
on t h e  p a t t e r n  of behav iour  i n  which t h e  wa te r  i n  t h e  tank 
and moonpool were e x c i t e d .  G e n e r a l l y  i t  was observed t h a t  
a s  t h e  d r a f t  i n c r e a s e s ,  t h e  mot ion  n e a r  t h e  bottom g r a d u a l l y  
s u b s i d e s .  T h i s  means t h a t  l e s s  energy  i s  be ing  d i s s i p a t e d .  
In a d d i t i o n ,  t h e  w a l l s  of t h e  model p rov ide  damping t o  a 
g r e a t e r  e x t e n t  due t o  a l a r g e  area of c o n t a c t  w i th  t h e  w a t e r .  
A s  a r e s u l t ,  t h e  f r i c t i o n a l  stresses a r e  i n c r e a s e d .  This  
p r o v i d e s  a p o s s i b l e  e x p l a n a t i o n  f o r  t h e  r eason  why t h e  a r e a  
under  t h e  c u r v e s  shown i n  g r a p h s  5 and 6 f o r  a s p e c t  r a t i o  
1.0 i s  g r e a t e r  t h a n  f o r  t h e  a s p e c t  r a t i o  of 1.5. 
Two a d d i t i o n a l  s e t s  of t e s t s  have  been conducted and t h e s e  
w i l l  be  d i s c u s s e d  below: 
(a )  Moonpool Experiments w i t h  Waves 
Table  5 shows t h a t  t h e  f o r m u l a  f o r  e v a l u a t i n g  t h e  frequency 
a t  r e s o n a n c e  f o r  v e r t i c a l  o s c i l l a t i o n  produces r easonab le  
r e s u l t s  when comparing w i t h  t h e  expe r imen ta l  f i g u r e s .  
The c o u p l i n g  e f f e c t  of t h e  v e r t i c a l  o s c i l l a t i o n  and the 
s l o s h i n g  due t o  t h e  r o l l i n g  mot ion  gave a more a c c u r a t e  
r e p r e s e n t a t i o n  t o  t h e  p r a c t i c a l  s i t u a t i o n  of wa te r  motions 
i n  moonpool s .  
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It was d i s c o v e r e d  t h a t ,  i n  g e n e r a l ,  t h e  f r e q u e n c i e s  a t  
r e sonances  of t h e  s l o s h i n g ,  coupled wi th  v e r t i c a l  
o s c i l l a t i o n ,  d i f f e r e d  by o n l y  a few p e r c e n t  when comparing 
wi th  pure  s l o s h i n g  (no waves) .  See Table 7 .  Th i s  
i n d i c a t e s  t h a t  t h e r e  a r e  no major  changes.  
a t  low f r e q u e n c i e s  showed t h a t  v e r t i c a l  o s c i l l a t i o n  
dominated t h e  scene.  
became t h e  n o t i c e a b l e  f a c t o r  ( s e e  Chapter 7 ) .  The 
combination of t h e  v e r t i c a l  o s c i l l a t i o n  and s l o s h i n g  showed 
a much l a r g e r  movement a l o n g  t h e  s i d e  walls of t h e  moonpool 
and a l s o  t h e  nodes of t h e  s t a n d i n g  wave a t  t h e  c e n t r e  was 
o s c i l l a t i n g .  
v e r t i c a l  o s c i l l a t i o n  and s l o s h i n g  produced a b e a t  ( see  
f i g .  At .2 Appendix 1 )  , t h e  lower  f requency  be ing  t h e  
v e r t i c a l  o s c i l l a t i o n  and t h e  h i g h e r  f requency  caused by 
s l o s h i n g .  
Observa t ion  
Near r e sonance  t h e  s l o s h i n g  motion 
The combina t ion  of t h e  f r e q u e n c i e s  due t o  
Although damping a t  resonance  w a s  c o n s i d e r a b l e  as i n  t h e  
c a s e  of 4cm wid th  b a f f l e s  (two b a f f l e s  each  s i d e ,  a t  
w a t e r  s u r f a c e  and 50/10Omm below) i t  must be emphasised 
t h a t ,  as a consequence ,  a f a i r  amount of t u rbu lence  was 
c r e a t e d .  (See Chap te r  7 ) .  T h i s  s i t u a t i o n  would be  
p r o b l e m a t i c a l  e s p e c i a l l y  when t h e  moonpool i s  used f o r  t h e  
l aunch ing  of subsea  u n i t s .  
The r e s u l t s  shown on t h e  g raphs  (7-13) do n o t  provide  an 
obvious s o l u t i o n  b u t  r a t h e r  a f o u n d a t i o n  f o r  f u t u r e  work. 
For example, a combina t ion  of b a f f l e s  could  be  i n c r e a s e d  
w i t h i n  s p e c i f i e d  r e g i o n s ,  i n  o r d e r  t o  de te rmine  t h e  b e s t  
combina t ions .  The most d i r e c t  s o l u t i o n  would appear  t o  be 
t h e  i n s e r t i o n  of a p e r f o r a t e d  bulkhead o r  a porous b a r r i e r  
which shou ld  r e s t r i c t  t h e  mot ions  a long  t h e  s i d e  walls. 
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F u r t h e r  e x p e r i m e n t s  would v e r i f y  t h i s  s t a t e m e n t .  
Exper iments  w i t h  B a f f l e s  
The i n t r o d u c t i o n  of b a f f l e s  g e n e r a l l y  had two main e f f e c t s :  
t h e  a m p l i t u d e s  were c o n s i d e r a b l y  reduced ( i n c r e a s e d  
damping);  i t  s l i g h t l y  s h i f t e d  t h e  r e s o n a n t  f requency  i n  a 
p o s i t i v e  d i r e c t i o n .  See Tab le  8.  The f o l l o w i n g  p o i n t s  
were obse rved  : 
A t  r e sonance  t h e  f r e q u e n c i e s  i n  t h e  moonpool were 
s l i g h t l y  h i g h e r  i n  comparison t o  t h e  tank (ranging 
from 1 %  t o  13%). 
The b a f f l e s  w i t h  l a r g e r  w i d t h  (4cm) appeared t o  
have a s t r o n g e r  i n f l u e n c e  i n  b o t h  i n c r e a s i n g  t h e  
r e s o n a n t  f r equency  and damping. 
B a f f l e s  i n s e r t e d  between t h e  wa te r  s u r f a c e  and 
50mm below water s u r f a c e  appeared  t o  be  more 
e f f e c t i v e  i n  i n c r e a s i n g  r e s o n a n t  f r equency  and 
damping and more s o  i f  t h e  combina t ion  of two 
b a f f l e s  were employed w i t h i n  t h e s e  r e g i o n s .  I f  
t h e  b a f f l e s  were i n s e r t e d  a t  1OOmm below wa te r  s u r f a c e ,  
i t  i s  a p p a r e n t  t h a t  damping s l i g h t l y  improves. 
However, t h i s  does n o t  have  a n o t i c e a b l e  e f f e c t  
on t h e  r e s o n a n t  f r e q u e n c y .  
O b s e r v a t i o n  s u g g e s t e d  t h a t  t h e  b a f f l e s  s i t u a t e d  n e a r e r  t h e  
w a t e r  s u r f a c e  were s u b j e c t  t o  a h i g h  s t r e s s  due t a  wa te r  
pounding ,  i . e .  slamming l o a d s .  T h i s  was demonstrated by t h e  
f a c t  t h a t  d u r i n g  t h e  r o l l i n g  motion t h e  b a f f l e s  tended t o  be 
d i s l o d g e d  from t h e i r  p o s i t i o n s .  
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6.6  SUMMARY OF EXPERIMENTAL RESULTS 
The following points were observed: 
( 1 )  Sloshing phenomenon is characterised by the formation 
of large amplitude standing waves near resonance. 
( 2 )  The resonance frequencies obtained from both the 
tank and moonpool experiments are within close limits 
( 4 - 7 2 )  with the exception of h/2a = 0.25 (27%) .  A s  
the draft in the moonpool decreases, it appears that 
the varying mass has a noticeable effect. 
( 3 )  The coupling effect of sloshing (forced in roll mode) 
and vertical oscillation (due to waves generated) 
have virtually the same frequencies as that of pure 
sloshing (no waves generated). 
( 4 )  The experiments show that, at resonance, the frequencies 
f o r  vertical oscillation are lower than the frequencies 
for pure sloshing. Although sloshing dominates the 
scene at resonance, vertical oscillation predominates 
before and after resonance. 
(5) The theoretical values of resonant frequencies are 
within close agreements with the experimental results 
for sloshing and vertical oscillation with the 
exception of low draft i.e. h/2a = 0.25. 
(6) It is apparent that at higher aspect ratios (1.0-1.5) 
the increase in draft results in less energy being 
dissipated. 
35. 
( 7 )  An increase in the total width reduces the frequency 
at resonant. 
(8) Theoretical and experimental results show that as the 
draft increases for a particular width, the frequencies 
at resonant have a small increment until a point is 
reached where a steady value is maintained. 
(9) At resonant observations suggest that the motions within 
the model lag by phase angle of approximately T.2.  
This indicates that there are viscous effects. 
( I O )  Generally the introduction of baffles provides damping 
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7 .O GENERAL OBSERVATIONS/CHARACTER OF FLUID TANK/ 
MO ON POOL B E HA V IOU R 
-
The s l o s h i n g  motion observed i n  t h e  tank was similar t o  t h a t  
of t h e  moonpool. The  g e n e r a l  p a t t e r n  i n  which water  d i sp layed  
i t s  motions dur ing  e x c i t a t i o n  w i l l  be  descr ibed a s  fo l lows:  
A t  very  low e x c i t i t a t i o n  f r e q u e n c i e s ,  a small  amount of water  
movement was observed a t  t h e  model s i d e  wal l  i n t e r f a c e s .  
T h i s  observa t ion  i s  t e c h n i c a l l y  a s tanding  wave wi th  a node 
(NI a t  t h e  c e n t r e  of t h e  model  and  t h e  an t inodes  (A) a t  t h e  
s i d e  wal l  i n t e r f a c e s .  See f i g .  7 . 1 .  
F i g .  7 .  I-= Movement N = Node A = Antinode 
60. 
Fig. 7.2 : Tank undergoing low frequency r o l l  motion 
As the excitation frequency increases, the standing wave 
momentarily appears to have more than one node. 
described as one of its homonics. 
easily detected. See fig. 7.3, 
It would be 
This observation is not 
F i g .  7 . 3  
6 1 .  
A sudden t r ans fo rma t ion  of a s t and ing  wave equal  t o  h a l f  i t s  
wavelength t a k e s  p lace .  A t  t h i s  s t a g e  t h e  ampli tude beg ins  
t o  d r a m a t i c a l l y  expand along t h e  tank wal l  i n t e r f a c e s ,  
o s c i l l a t i n g  v e r t i c a l l y  l i k e  a s p r i n g  mass system. See f i g .  
7 . 4  and 7.5.  
F ig .  7 . 4  
F i n .  7.5 
62. 
Waves breaking  
F i g .  7.6 
As resonance  i s  approached, t h e  combination of the r o l l  
motion and t h e  s t i f f n e s s  of t h e  water  produce a c u r l i n g  
motion w i t h  o f t e n  r e s u l t e d  i n  s p i l l a g e  over t h e  top of 
t h e  model. 
b a s i c a l l y  due t o  the  waves b reak ing  once a c e r t a i n  v a l u e  
has  been reached.  See f i g s .  7.6 - 7.10. 
The c o n t r i b u t i o n  t o  t h e  c u r l i n g  e f f e c t  i s  
63. 
F i g .  7 . 7  : Shows r e s o n a n c e  
c o n d i t i o n  being approached 
(Aspect Rat io  h/2a=0.5)  by 
the rolling tank.  
F ig .  7.8 : Shows t h e  
water i n  t he  tank i s  
approaching ' resonance '  
(Aspect Rat io  h/2a=l . O )  
F r e .  1 . Y  
Photos  above and below shows that t h e  water motions i n  
moonpool reaching  Resonance. 
Just  pas t  r e s o n a n c e  a small t r a v e l l i n g  wave was set: up as 
shown in f i g .  7 .  1 1  below:  
D i r e c t i o n  oE r o l l  motion 
D i r e c t i o n  of movement 
P i g .  7 . 1 1  
A f u r t h e r  i n c r e a s e  i n  t h e  excitation frequency s i m p l y  
d i s t o r t s  the  w a t e r  i n t o  sma l l  tur1)ulcnt waves w i t h  defined 
p e a k s .  See f i g .  7 . 1 2  a n d  7 . 1 3 .  
66 .  
F i g .  ' 7 .12 
67.  
F i g .  7.13 
68 
In  o r d e r  t o  g a i n  a deeper unders tanding  of t h e  water  
s lo sh ing  in t h e  tank and moonpool, cons ide r  a beam wi th  
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F i e .  7 . 1 5  
During t h e  Moonpool Experiments w i t h  waves producing 
v e r t i c a l  o s c i l l a t i o n  only,  o b s e r v a t i o n  c l e a r l y  shows t h a t  
the  o s c i l l a t i n g  mass of wa te r  has t h e  behaviour  of a s p r i n g  
mass system. However, when r i s i n g  i t  was n o t i c e d  t h a t  t h e  
water s u r f a c e  took the shape of a s l i g h t  hump a t  t h e  c e n t r e .  
S i m i l a r l y  when f a l l i n g  t h e  hump was r ep laced  by a l e v e l .  It 
appeared t h a t  a t  t h e  c e n t r e  r eg ion  of t h e  moonpool t h e  water 
su r face  was leading the mot ions ,  g i v i n g  t h e  impression t h a t  
the  water was dragging a long  the s i d e  walls due t o  shea r  
s t r e s s e s .  See f i g .  7.15 and 7 . 1 6 .  
70 .  
F i g .  7.16 
71. 
When t h e  moonpool was fo rced  t o  r o l l  i n  a d d i t i o n  t o  t h e  waves 
be ing  genera ted ,  a t  low e x c i t a t i o n  f r equenc ie s  t h e  combination 
of t h e  s tanding  wave and v e r t i c a l  o s c i l l a t i o n  gave the  e f f e c t  
such t h a t  t he  p r o f i l e  of the water s u r f a c e  had a s l i g h t  
c u r v a t u r e  ( see  f i g .  7 .17 ) .  
Fig .  7 . 1 1  
A s  t h e  speed of t h e  r o l l i n g  mechanism i n c r e a s e d ,  t h i s  well 
d e f i n e d  p r o f i l e  g radua l ly  disappeared and inva r i ab ly  a small 
t r a v e l l i n g  was ev iden t .  See f i g .  7 . 1 8 .  
7 2 .  
Fig. 7.18 
Near resonance the behaviour of water motions showed certain 
similarities with Water Sloshing due to pure rolling 
excitation. However, in addition, the coupling effect of 
vertical oscillation and sloshing motion resulted in much 
more movement, especially along the side waves of the 
moonpool. See fig. 7.19. 
Generally, it was observed that at low rolling excitation 
frequencies, vertical oscillation dominated the scene and 
near resonance the sloshing motion became the critical factor. 
7 3 .  
Fie. 7.19 
F i g ,  7.20 
7 4 .  
Overa l l ,  t h e  experiment conducted w i t h  b a f f l e s  showed t h a t  a t  
low r o l l i n g  f r equenc ie s ,  t h e  b a f f l e s  e f f e c t i v e l y  appeared t o  
dampen t h e  n o t i o n s .  (See f i g .  7 . 2 1 ) .  
F i n .  7.21 
However, as t h e  frequency of t h e  r o l l i n g  mechanism i n c r e a s e d ,  
e s p e c i a l l y  nea r  resonance, a l though  damping was c o n s i d e r a b l e ,  
a f a i r  amount of turbulence was p r e s e n t .  This was i n  t h e  form 
of v o r t e x  t r app ing  beneath and between as we l l  as above t h e  
b a f f l e s .  
The v o r t e x  motions can be  seen  i n  f i g .  7 . 2 2  - 7 . 2 4  i n  t h e  
case  of t h e  t ank ,  and f i g .  7 .25  - 7 . 2 6  i n  t h e  case o f  t h e  
moonpool. 
F ig .  7.22  
76. 
F i g .  7.23 
77. 
Fig. 7 .24  
7s. 
F i g .  7.25 
Fig .  7.26 
7 9 .  
A s  themodel  cont inued r o l l i n g  t h e  v o r t e x  motions r e l e a s e d  
i t s e l f  v i o l e n t l y  onto t h e  water s u r f a c e  producing a mass 
of t u rbu lence .  See f i g .  7.27/8 and f i g ,  7.29 f o r  t h e  tank 
and moonpool r e s p e c t i v e l y .  
Fig. 7 . 2 7  
80. 
F i g .  7.28 
Fig. 7.29 
81. 
8.0 DISCUSSION AND KEY FINDINGS -
Following the project strategy, the behaviour of sloshing in 
moonpools was investigated through theoretical and experimental 
studies with stronger emphasis on the latter. 
In the theoretical study, the wavemaker theory was applied to 
the moonpool problem by considering the generation of water 
waves by two barriers undergoing roll motion. This approach 
was taken on the basis that the water waves generated in the 
moonpool by the rolling motion, i.e. standing waves are formed. 
The solution was tested by evaluating the amplitude of  the 
wave at the side wall, near resonant. The result showed that 
the amplitude acquires an infinite value. 
that the interest is not in the response amplitude but the 
wavelength at the frequency of resonance, 
out, however, that further studies are necessary to fully 
investigate the potential of this approach. 
It must be empasised 
It is to be pointed 
The theory has its restrictions in that it is based on 
linearised hydrodynamics and sloshing phenomenon is 
demonstrably non-linear in character, It may be that a 
numerical study based on a non-linear model will be 
necessary to investigate this problem to any degree of 
accuracy. 
The key objective of the experimental study was to make 
comparisons between the water sloshing motions in a tank and 
moonpool. 
and in turn comparisons were also made with the estimated 
values. 
This was achieved by comparing resonant frequencies 
82.  
I d e a l l y ,  t h e  experiments  should  have included a g r e a t e r  
range of a s p e c t  r a t i o s  f o r  a g iven  wid th .  However, t h e  
p r e s e n t  wid th  of t h e  model comfor tab ly  accommodated a s p e c t  
r a t i o s  o f ,  and up t o ,  0.5.  Th i s  meant t h a t  t h i s  was 
adequate  from a p r a c t i c a l  p o i n t  of view where, s ay ,  a 
t y p i c a l  d iv ing  suppor t  v e s s e l  h a s  a n  a spec t  r a t i o  of 
approximately 0 .5 ,  t a k i n g  E u l l  advantage  of a l a r g e r  width.  
However, a f u r t h e r  i n c r e a s e  i n  t h e  a spec t  r a t i o  i n d i c a t e d  t h a t  
t h e  h e i g h t  of t h e  model had t o  be  ex tended .  This would have 
caused problems i n  a l l o w i n g  f o r  adequate  c learance  between 
the  bottom of t h e  towing tank  and t h e  moonpool. Furthermore,  
on ly  l i m i t e d  r e sources  were a v a i l a b l e  i n  handl ing a much 
l a r g e r  volume of water .  It t h e r e f o r e  appeared t o  be reasonable  
t o  use  s e c t i o n s  i n  r e d u c i n g  t h e  wid th  of t he  model i n  o r d e r  
t o  cater f o r  h ighe r  a s p e c t  r a t i o s .  
Gene ra l ly ,  i t  was observed  t h a t  as t h e  moonpool d r a f t  
i n c r e a s e s  i . e .  a s p e c t  r a t i o  h / 2 a  i s  reduced, t h e  resonant  
f requency appears  t o  be h i g h e r  i n  the case  of a moonpool. 
In  a p r a c t i c a l  s i t u a t i o n ,  t h i s  cou ld  be u s e f u l .  For example, 
i n  a d e s i g n  of s h i p s  w i t h  f l a t t e r  h u l l s ,  and i n  tu rn  t h e  
moonpool w i l l  have a s h a l l o w  d r a f t .  As a r e s u l t  t he  water  
i n  t h e  moonpool w i l l  be  e x c i t e d  a t  a h ighe r  f requency,  
p o s s i b l e  avoid ing  t h e  c l a s h  wi th  the wave dominant f requency.  
Water s l o s h i n g  i s  a r e l a t i v e l y  new problem and t h e  c o n t r i b u t i o n s  
of t h i s  r e s e a r c h  has  h o p e f u l l y  overcome the  i n i t i a l  s t a g e s  
of t h e  problem. 
p o s s i b l e  t h e o r e t i c a l  approach  and i n  a d d i t i o n  experimental  
s t u d i e s  which w i l l  enhance t h e  unders tanding  of t h e  problem. 
This  work w i l l  t h e r e f o r e  p r o v i d e  a good foundat ion f o r  
f u t u r e  work. 




AREAS FOR FUTURE RESEARCH 
The s l o s h i n g  motions of water coupled w i t h  v e r t i c a l  
o s c i l l a t i o n s  i n  moonpool i s  a complex problem and t h e  s tudy  
i s  f a r  from be ing  completed.  
a more comprehensive t h e o r e t i c a l  a n a l y s i s  backed by a d d i t i o n a l  
exper iments .  
obv ious ly  needs  s i m p l i f i c a t i o n  i n  t h e  i n i t i a l  s t a g e s  and a s  
t h e  i n v e s t i g a t i o n  advances,  t he  complexity can be g radua l ly  
t a c k l e d  and overcome. The u l t i m a t e  aim i n  cont inuing t h e  
r e s e a r c h  should  be i n  determining t h e  f o r c e s ,  moments and 
p r e s s u r e s  caused by the  s lo sh ing  motions.  This w i l l  a i d  
d e s i g n e r s  i n  t h e  design of a mult i -purpose moonpool. The 
r e l e v a n t  a r e a s  of f u t u r e  research  a r e  discussed below: 
Genera l ly  t h e  problem r e q u i r e s  
The complexity and n a t u r e  of the  problem 
(1)  A Complete T h e o r e t i c a l  So lu t ion  
B a s i c a l l y  t h e  problem of s l o s h i n g  i n  moonpools i s  
n o n - l i n e a r  and hence f u r t h e r  s t u d i e s  a r e  r equ i r ed  t o  
i n v e s t i g a t e  a numerical  s o l u t i o n  which involves  a 
non- l inea r  model, 
The p r e s e n t ,  t h e o r e t i c a l  s tudy  deals with t h e  i n t e r i o r  
f l u i d  domain, and t h i s  approach r e q u i r e s  f u r t h e r  
conformat ion .  
In a d d i t i o n ,  t h e  o u t e r  f l u i d  domain s t i l l  has  t o  be 
c o n s i d e r e d .  The de r ived  v e l o c i t y  p o t e n t i a l  w i l l  then  
e n a b l e  t h e  p r e s s u r e s  due t o  t h e  s lo sh ing  motions t o  
b e  c a l c u l a t e d .  This  can b e  compared with t h e  r e s u l t s  
o b t a i n e d  from the  moonpool experiment by employing 
p r e s s u r e / f o r c e  t r ansduce r  on t h e  s i d e  wa l l s .  
8 4 .  
The formula f o r  e v a l u a t i n g  resonant  f requencies  proved to  be 
w i t h i n  c l o s e  l i m i t s  wi th  t h e  r e s u l t s  obtained from the 
moonpool experiments f o r  a s p e c t  r a t i o s  o f ,  and grea te r  than, 
0 .5 .  
showed t h e  formula t o  be u n s a t i s f a c t o r y  and therefore  an 
a d d i t i o n a l  e q u a t i o n n e e d s t o  be sought.  
However, exper imenta l  r e s u l t s  f o r  lower aspect r a t i o s  
( 2 )  Inc lus ions  of Other  Modes of  Motions 
It i s  apparent  t h a t  t h e  r o l l  motion i s  the most important: 
mode in f luenc ing  t h e  s lo sh ing  motions,  and the e f f e c t s  
of o t h e r  modes of mot ions ,  inc luding  t h e i r  combined 
e f f e c t s  needs t o  b e  i n v e s t i g a t e d .  This w i l l  e i t h e r  
confirm o r  h i g h l i g h t  t h e  worst  case .  
(3)  Explore Methods of Damping and Moonpool Geometry 
A s  t h e  dimensions of t h e  moonpool increases,  t h i s  w i l l  
i n  e f f e c t  , reduce  t h e  resonant  frequency. Therefore 
i t  i s  i n e v i t a b l e  t h a t  some form of damping system is  
r equ i r ed  t o  improve t h e  performance of launching and 
r e t r i e v i n g  o p e r a t i o n s  dur ing  a range of seas ta tes .  
a d d i t i o n ,  t h i s  w i l l  i nvo lve  i n  determining the bes t  
conf igu ra t ion  for t h e  moonpool geometry. 
In 
The experiments  conducted i n  increas ing  damping with the  
a i d  of b a f f l e s ,  showed t o  be inadequate i n  reducing the 
motions nea r  r e s o n a n t ,  e s p e c i a l l y  near the  centre  region 
of t h e  moonpool, t h u s  a more e f f e c t i v e  damping system i s  
r equ i r ed .  
p e r f o r a t e d  bulkhead may b e  more successful .  There a r e  
o t h e r  damping d e v i c e s  which a r e  employed i n  an attempt 
t o  reduce water  o s c i l l a t i o n s  i n  moonpools with 
sma l l e r  dimensions.  
e f f e c t i v e  t o  moonpools with r e l a t i v e l y  arger  dimensions 
i s  another  m a t t e r  which needs t o  be studied. 
For example,  a combination of baf f les  with a 




The main conclus ions  of  t h i s  r e s e a r c h  a r e  as fol lows:  
( 1 )  For a s p e c t  r a t i o s  (h/2a) g r e a t e r  t han  0.5 t h e  r e sonan t  
f r e q u e n c i e s  obtained from t h e  t ank  and moonpool 
experiments a r e  t o  within a few pe rcen t ,  and these  are 
i n  accordance with the t h e o r e t i c a l  values .  
lower a s p e c t  r a t i o s  appear t o  d i s p l a y  a d i f f e r e n t  
t r e n d ,  i n  t h a t  the resonant f r e q u e n c i e s  a r e  h igher  
i n  t h e  case  of the moonpool. 
However, 
( 2 )  The theo ry  proposed involves i d e a l i s i n g  t h e  moonpool as  
a two-dimensional system r e p r e s e n t e d  by two su r face  
p i e r c i n g  p a r a l l e l  b a r r i e r s  of width 2a. “he resonant  
f r e q u e n c i e s  estimated using t h i s  approach show f a i r l y  
good agreement t o  experimental  r e s u l t s ,  
( 3 )  The parameters t h a t  appear t o  have a s t rong  in f luence  
on t h e  c h a r a c t e r i s t i c s  of t h e  s l o s h i n g  motion of water 
i n  moonpools a r e  the width ( d i s t a n c e  between b a r r i e r s )  
and t h e  depth of water.  
( 4 )  A moonpool wi th  r e l a t i v e l y  l a r g e  dimensions r e q u i r e  
some form of soph i s t i ca t ed  method of damping. 
exper iments  show t h a t  although combination of b a f f l e s  
are e f f e c t i v e  t o  a degree a t  lower e x c i t a t i o n  f r e q u e n c i e s ,  
t h e  f l u i d  motions a t  the c e n t r e  of the moonpool near  
r e s o n a n t  condi t ions a r e  w o r s e  t h a n  the case without t h e  
baf E l e s .  
The 
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APPENDIX 1 - DESCRIPTION OF EXPERIMENTAL F A C I L I T I E S  USED I N  
THIS STUDY 
A l l  t h e  expe r imen t s  were performed i n  the  l abora to ry  of  the  
U n i v e r s i t y  of S t r a thc lyde .  
(a) Towing Tank 
The main  dimensions of the tank are :  
l e n g t h  25m 
b r e a d t h  1.5m 
dep th  0.8m 
normal water  depth 0.6m 
A t  one end of the tank a wave absorbing beach i s  i n s t a l l e d .  
This  is made of s t e e l  frames f i l l e d  with aluminium mesh. 
A t  t h e  o t h e r  end the wavemaker c o n s i s t  of f i v e  f l a p s  which 
a r e  d r i v e n  by d.c .  motor with p o s i t i o n a l  feedback 
f a c i l i t i e s .  The motors themselves a r e  dr iven by power 
a m p l i f i e r s  which receive command s i g n a l s  from a frequency 
a n a l y s e r  f o r  simple harmonic waves. 
(b) I n s t r u m e n t  a t i o n  System 
i. Frequency Analyser SM2001 
Manufactured by SE labs  (EMI), i t s  s i g n a l  gene ra to r s  
p a r t  can generate a range of s i n u s o i d a l  s i g n a l s  i n  
h e r t z s  and vol tage (amplitudes).  
u sed  t o  generate  simple harmonic waves i n  t h e  
towing tank .  
This equipment was 
ii. R o l l  Forcing Mechanism 
The r o l l  f o r c i n g  mechanism c o n s i s t s  of a n  a . c .  
synchronous motor connected t o  a n  off  c e n t r e  
f lywheel  assembly. The speed of t h e  motor can 
b e  v a r i e d  by a thy r i s to r -based  motor c o n t r o l l e r .  
a . .  
111. Wave Monitor 
The moni tor  i s  supp l i ed  by Church i l l  Con t ro l s  L t d . ,  
and i t s  sens ing  p a r t  c o n s i s t s  of two s t a i n l e s s  s teel  
wires .  
between two wires due t o  t h e  v a r i a t i o n  of depth  of 
immersion when p laced  i n  t h e  wave-field.  The 
monitor  module s u p p l i e s  a h igh  frequency e x c i t a t i o n  
s i g n a l  a c r o s s  two wires and ampl i f i e s  t h e  s i g n a l  
ob ta ined  by t h e  probe .  
I t  measures t h e  v a r i a t i o n  of conductuc i ty  
iv. Rol l  Measurement 
This was achieved by a n  a.c .  l i n e a r  v a r i a b l e  
d i f f e r e n t i a l  t r a n s d u c e r .  (LVDT) manufactured by 
Sangams Transducers .  The a . c .  ene rg i s ing  c u r r e n t  
i s  supp l i ed  by a t r a n s d u c e r  cond i t ione r  model C33 
made by t h e  same Company. 
V .  Pen Recorder 
A t h r e e  channel pen r e c o r d e r  type CR533, manufactured 
by J.J. Lloyd Ins t rumen t s  Ltd . ,  was used t o  r eco rd  
a l l  t h e  in fo rma t ion  ob ta ined  through t h e  measuring 
in s t rumen t s  d e s c r i b e d  above. Recording paper  speed 
oE 10mm/secs was used throughout  t h e  experiment .  
90. 
F i g .  A l . l  
91 I 
Fig .  A1.2 An example of waves breaking S c a l e  x 4 
Approaching resonance ( h / 2 a  = 0.5) 
Fig .  Al.3 Tank : Resonant Frequency  = 7.1 rad/s 
-. 
I 
Fig .  A1.4 Moonpool : Resonant f requency = 7 . 6 2  radfs  
Aspect Ra t io  (h /2a)  = 1.0 Resonance Scale x 4 
F i g .  A1.5 Tank : Resonant f requency = 10.57 r a d / s  
P i g .  A1.6 Moonpool : Resonant f requency  = 11.04 r a d / s  
93. 
Aspect Ra t io  (h /2a)  = 0.25 Resonance S c a l e  x 4 
\ \k  t 
F i g .  1 2 . 7  Tank : Resonant frequency 0 6 . 2 9  racl/s 
F i g .  AI  .8 Moonpool : Resonant f r e q u e n c y  = 8.68 raid/s 
9 4  I 
Aspect Ratio (h/2a = 1.5) At Resonance Scale x 4 
F i g .  A 1 . 9  Tank : Resonant frequency = 10.89 rad/s 
F i g .  A 1 . 1 0  Moonpool : Resonant frequency = 11.31 r a d / s  
9 5 .  
Fig. Al.ll 
Scale x 2 
An example of forced r o l l  oscillation 
. .  
Pig. A1.12 An example of waves generated by wavemaker 
Aspect Ratio (h/2a) = 0.5 
Fig. A1.13 Just before'resonance scale x 4 
Fig. A1.14 J u s t  before resonance scale x 40 
96. 
APPENDIX I1 - WAVEMAKER THEORY APPLIED TO MOONPOOL 
For a plate oscillating in roll mode, at finite depth, t h e  
solution f o r  velocity potential is in the form of: 
- 1 
A a= l l i  Cosh K(y-h) sin (wt-kx) 
CosKn(y-h) Cost wt . . . e .  (1)  
The expression for equation ( 1 )  consists of waves produced by 
small oscillations of a solid body. 
equation represents a progressive wave, and the second part 
refers to local oscillations. The term (y-h) satisfy the 
bottom condition of &$/by= 0. 
The first part of the 
For a moonpool section t h e  problem will have to be formulated 
as shown below: 
Fig. ' A 2 . 1  
It is possible to adapt the equation to crudely represent the 
moonpool situation without satisfying the bottom condition. 
i.e the expression for 7J when the moonpool section is 
subject to rolling will comprise of a standing wave plus 
local oscillation. 
A Cosh Ky [Sin(K[x+a]-wt)  - S i n  (K[a-XI-wt] a, = 
@2 = Kn 
-kn(a+x) +e -kn(x-a) cos wt Cos Kny [ e  
Where Kn ,= (211-1) T / Z a .  
Notes  
(1). A s t a n d i n g  wave can have 
X/2 = 2a => near  resonance,  a t  
many modal p o i n t s .  However 
= 4 a ;  x = o : hence y = o .  
Fig .  A 2 . 2  
(2) .  Sin[K(x+a)-wt] - S i n  [K(a-x)-wt] = 2 Sin  Kx CosKa Cos w t .  
2 A  .'. @, = Cosh Ky S i n k  CosKa Coswt 
. .  
Sin& CosKa Coswt 
-Kn(a+x) +e Kn(x-a) + 1 2  CosKny [ e  
In  order  to proceed wi th  t h e  problem s o l v i n g ,  t h e  boundary 
cond i t ions  have t o  be s a t i s f i e d .  
i . e .  d@/ljx = -I. U ( y )  Coswt a t  x = +a 
where U(y) i s  t h e  o r i z o n t a l  v e l o c i t y .  
- 
98. 
From ( 2 )  ddldx = 2A CoshKy CosKx CosKa Coswt 
Kn (x-a) -,-Kn (a-t-x) 
+ An CosKny [ e  ] Coswt 
a t  x = a ;  y = 0 ;  d o / d x =  - ~ ( y )  Coswt 
m -2Kna 
0-1 
. ' .  U ( y )  = 2 A  CoshKy Cos2Ka 3- ZAn CosKny e . . . . e . . .  ( 3 )  
a t  x = -a 
a, -2Kna 
n ~1 
U(y) = 2 A  CoshKy Cos2Ka + ZAn CosKny e ,...,... ( 4 )  
The f u n c t i o n s  on the  r i g h t  form a complete  or thogonal  s e t .  
I f  2ACos2Ka and Ane a r e  r e p l a c e d  by c o n s t a n t s  t h e  
e q u a t i o n s  a r e  ve ry  much t h e  same and t h o s e  shown in Ref ( l ) ,  
(2 )  and ( 3 ) .  With t h i s  i n  mind ,  i t  appea r s  t o  be r e a s o n a b l e  
t o  a d a p t  t h e  same manner o f  s o l v i n g  t h e  equa t ions  i n  o r d e r  t o  
d e t e r m i n e  t h e  cons t an t s .  
-2Kna 
From equa t ion  ( 3 )  
U ( y )  CoshKy dy = -2 Cos2Ka Cosh2Ky dy 
h h 
Cosh2Ky dy = 11 (eky+e-ky}2 d y  = 4 (Cosh2Ky + 1)dy  
2 O  
h Sinh2Ky 
= i [ 2 K  -k y ]  = $K[Sinhkh CoshKh -t Kh] 
0 
' h  
=> A = -  2K Io U(y) Cosh Kydy 
Cos2Ka(SinhKh CoshKh + Kh) ....... I (5)  
9 1 .  
S i m i l a r l y  f o r  t h e  second p a r t  o f  t h e  e x p r e s s i o n  of  equa t ion  ( 2 )  
h h 
U(y) CosKny dy = A n e  -Kn2a [:osz Kny dy  
h 
-Kn2a = /:(y) Cos Kny dy => Ane 
lo Cos2 Kny dy 
i, 
h 
=> An = 4Kn CosKny dy 
(S in  Knh CosICnh + Knh) .. . . . . ( 6 )  -Kn2a e 
To e v a l u a t e  t h e  cons t an t s  w e  need t o  f i n d  U ( y )  
Consider the fol lowing:  
Assume t h a t  t h e  b a r r i e r s  a r e  al lowed t o  p i v o t  as  shown i n  
F i g .  A 2 . 3  
If t a n e  = -s /h  i f  8 i s  small => 8 = - s / h  
l e t  x be  any po in t  the  d i s t a n c e  between 
t h e  => r o t a t e d  and o r i g i n a l  p o s i t i o n ,  
x=-a x = a  
Fig .  A 2 . 3  
X hence - = 8 => X = B(h-y) 
h-y 
o r  X = - s / h  (h-yj = -s( l -y/h)  
.'. U(y) = -S(l-y/h) We a t  x = a O<Y<h 
I n  o t h e r  words t h e  m u l t i p l i c a t i o n  f r equency  o f  t h e  b a r r i e r s  
o s c i l l a t i o n  by t h e  displacement  g i v e s  v e l o c i t y  of the 
p a r t i c l e s .  
n e g a t i v e  and a t  x = -a, ddldxwill be  positive a t  x =I a .  
Note: a t  x=a it  can be seen t h a t . d @ / d X  will b e  
U ( y >  = -S(l -y/h)Me a t  x=a OCyQh 
100. 
A t  x = a equation (5) and (6) yields 
A = 2K WeS (l/y/h) CoshKy dy i: 
Cos2Ka (SinhKh CoshKh t. ICh) 
I CoshKy dy - l0\/h CoshKy dy A = 2KWeS 1 6 
Cos2Ka (SinhKh Coskh + Kh) . 
1 A = 2KWeS SinhKh/K - l/h (h/k SinhKh - CoshKh/K2) 
CosZKa (SinhKh CosKh + Kh) 
[ 
A = 2KWeS (1 /hK2 CoshKh) 
Cos2Ka (SinhKh CoshKh + Kh) 
Kh Cos2Ka (SinhKh CoshKh + Kh) I 
and 
An = -2Kn [: SWe (l-y/h) CosKny dy 
......., (7)  
( SinKnh CosKnh + Knh) -Kn2 a e 
cOsKnh)l K2 n I 
CosKny dy - y/h CosKny dy I r: 
-Kn 2 a e (SinKnh CosKnh -t Knh) 
-2Kn SWe [ hSinKnh + Kn - l/h ( 
e -Kn2a (SinKnh CosKnh t. Knh) 
An = 
hence 
@ =  
When 1 
0 
-Kn2a (SinKnh CosKnh + Knh) e 
L 
iKn [:We ( l / y / h )  CosKny dy 
e -Kn2a (SinKnh CosKnh + Knh) 
h 
+2SWe CosKnh 
Knhe-1'n2a (SinKnh CosKnh + Knh) 
101 
. . . . (8) 
'or X>O - 
2WeS CoshKh CosKy Sin- Coswt 
K2h Cos2Ka (SinhKh CosKh + K h )  
) CosKny Cosw -Kn (a+x) +eKn (x-a> + 2SWe CosKnh (e 
(SinKnh CosKnh -t Knh) -Kn2a K2 nhe 
m 
= a  
h 
A = 2K J0u(y) CoshKy dy 
Cos2Ka (SinKh CosKh + Kh) 
SWe (I-y/h) CoshKy dy .* . .  (9) 
Cos2Ka (SinKh CosKh f Kh) 
An = 
An = 
. . . . (10) 
102. 
From ( 9 ) ,  A y i e l d s  
2Wes CoshKh 
Kh Cos2Ka (SinKh CoshKh + Kh) 
and ( l o ) ,  An y i e l d s  
-2WeS CosKnh 
Knh e -Kn2a (SinKnh CosKnh + Knh) 
1 d(b 
g dt  Now s u r f a c e  e l e v a t i o n  131 = - - 
2We CoshKh CoshKy SinKx Sinwt 
K2h Cos2Ka (SinhKh CosKh + Kh) 
- 2SWe CosKnh e -Kn2a CosKny S inwt (W) 
KZ nhe (SinKnh CosKnh + Knh) -Kn2a 
W = N a t u r a l  f requency  of water 
We= E x c i t a t i o n  f requency  
103. 
I Y l =  
131 = 
Subs t  
where 
L 
2WeS CoshKh SinKa SinWt (W> 
K2h Cos2Ka (SinhKh + Kh) 
2SWe CosKnh Sinwt (W) 




K2 Cos2Ka (SinhKh j .  CoshKh f 
LI 
2 ~ e ~  Sinwt (W) 
h 
. . . . . ( 1 1 )  
nsiKn2 (SinKnh CosKnh + - 
. numerical values i.e. h / 2 a  = 0.5, a t  resonance We = w 
'12 
= 7.52 rad/s (2a-0.5) h=O.25m 
K =2n/), E T l 2 a  (at resonance X =  4a) 
hence subst. in equation (11) yields the following: 
(A) approaches infinity and (B) becomes very small. In other 
words (A)  is more dominant then (B), where (A) represents 
t h e  formation of the standing wave, and (B) local disturbances. 
Thus if (B)  is ignored 
. . I?!= 2We Sin wt (W) CoshKh SinKa . . . . (12) 
I 
h K 2 a  Cos2Ka (SinhKh CoshKh + Kh) 
Furthermore this a p p l i e s  to t h e  range x = -a t o  x = +a. 
lG4. 
APPENDIX I11 - BACKGROUND TO THEORETICAL STUDY 
I n  t h e  c a s e  of i r r o t a t i o n a l ,  two dimensional f low, a v e l o c i t y  
p o t e n t i a l  has been d e f i n e d  by 
By  i n t r o d u c i n g  the above i n t o  t h e  c o n t i n u i t y  r e l a t i o n s h i p  i e .  
hence  
a 
I . . .  . (1) 
Which i s  t h e  wel l  known L a p l a c e  equa t ion ,  which a s o l u t i o n  has  
t o  s a t i s f y .  
O the r  c o n d i t i o n s  which have  t o  be s a t i s f i e d  a r e  as fo l lows :  
1 .  A t  t h e  f r e e  surface : Two cond i t ions  must be s a t i s f i e d ,  
t h e s e  a r e  t h e  dynamic c o n d i t i o n  s t a t i n g  the  value of p res su re ,  
and the Kinematic c o n d i t i o n  wi th  the  p a r t i c l e  remain at  
t h e  f r e e  su r face .  
Dynamic f r e e  surface c o n d i t i o n  
105. 
Kinematic f r e e  s u r f a c e  c o n d i t i o n :  
..... ( 3 )  
Here g i s  the a c c e l e r a t i o n  of  g r a v i t y ,  z = 
f r e e  s u r f a c e  shape ,  and t i s  t h e  t ime. 
( x , t )  the  
2 .  S o l i d  boundary, s ince  t h e  f l u i d  cannot  p a s s  through o r  




( 1 )  
Co-ordinate sys tem 
( 1 )  = 0 on z = -h 
B e r n o u l l i ' s  e q u a t i o n :  
Moonpool 
(2) 
+ 4 V2 = 0 ( i s  a n o t h e r  form of equat ion (2) 
3t 
106. 
ignor ing  J V 2  i e ,  l i n e a r i s e d  
=> q = - l / g  Nbt : 
Assume t h e  fo l lowing:  
The s o l u t i o n  f o r  X and 2 will be i n  t he  form 
..... ( 4 )  
..... (5) 
. . I . .  (7 )  
..... ( 8 )  
If a cond i t ion  i s  a p p l i e d  as in f i g . 1 ,  i e ,  & = 0 a t  Z=-h 
- = Sinh (-Kh tc4) = 0 =>CL = Kh 
csz 
b z  
hence Z(z)  = CoshK (z+h) ..... (9) 
dz 
Otherwise i f  we l e t  phase angle  B = 0, and = 0 
=> Z(z )  = Cosh KZ ..... ( I O )  
107. 
and s i m i l a r l y  
X(x) = S i n b  ..... ( 1  1)  
Now I< = 2T/3\ where I =  wavelength 
nea r  resonance  3 = 4a => K = 2 7 ~  = IJ/2a 
I
4a 
The time dependent func t ion  T ( t ) :  
from f r e e  s u r f a c e  condi t ion 
i e .  T " ( t )  + W2T(t) = 0 
where 
w = [$ tanh - 2a 
..... (12) 
..... (13) 
i s  t h e  f i r s t  n a t u r a l  c i r c u l a r  f requency.  
Now s o l u t i o n  f o r  (12 )  is  i n  t h e  form 
T ( t )  = Sin (wt + I )  . - . . *  ( 1 4 )  
by l e t t i n g  8 =  0 ,  as combining wi th  equa t ion  (9)/ (10) and 
(1  1 )  
F u r t h e r  s t u d i e s  w i l l  involve in t roduc ing  a f o r c i n g  term 
i .e . ,  
i s  a s  i n  t h e  case of f r e e  v i b r a t i o n s .  
8 Coswt as  i n  the  case  of r o l l i n g .  The above ana lys i s  
T h i s  t h e o r y  can a l s o  be extended t o  i n c l u d e  damping. 
example i n  equat ion (2) i f  a damping term say 
in t roduced .  
For 
i s  
108. 
=> T " ( t )  f DT'(t) -t w ~ T  = o  ..... ( 1 6 )  
Using Vector Algebra t o  f ini .  an L.ilcnom Wave Source 
- F -  = @ g r a d p  
Div F = Fx f Fy + Fz - - -
b x  a y  5 
l e t  , = unknown = & known wave source 
109. 
can be  w r i t t e n  
110. 
APPENDIX IV - EXPERIMENTAL RESULTS 
ASPECT RATIO (h/2a) = (h/2a)  = 0.5 
Forced 
Frequency 
































Amp1 i tude 






























(Free O s  c ill a t  ion  Frequency 








































Amp 1 i tu de 
(m) 
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(Free O s c i l l a t i o n  Frequency 
= 8.062 r a d / s )  
2 1  1 .  
ASPECT RATIO (h/2a)  = (h/2a) = 0.25 
Forced 
Frequency 























Amp 1 i t u d  e 





7 . 0  
8 . 5  














(Free o s c i l l a t i o n  frequency 
= 6.406 r a d / s )  
Forced 
Frequency 





6 .749  
7.140 
7.392 
7 . 6 6 2  












Moon po o 1 
Wave 








17 .0  
24 .O 












( F r e e  oscillation frequency 
= 8.729 r ad / s )  
ASPECT RATIO (h/2a) = (h /2a)  = 1.0 
Tank 
Wave 
Amp 1 i t u  d e 
Forced 
Frequency 
















































(F ree  O s c i l l a t i o n  Frequency 
= 12.593 r a d / s )  
Forced 
Frequency 




















1 2 . 7 7 1  
13.228 
13.870 
Mo onp o o 1 
Wave 
























( F r e e  O s c i l l a t i o n  Frequency 
= 12.375 rad/s) 
113. 
ASPECT RATIO (h/2a) = 1.5 
Forced 
Frequency 



















1 I ,385 
I 1 .6ao 


































(Free O s c i l l a t i o n  Frequency 


















































(Free O s c i l l a t i o n  Frequency 
= 12.177 r a d / s )  
118. 
TANK EXPERIMENT WITH BAFFLES 
ASPECT RATIO ( h / 2 a )  = 0.5 
4cm b a f f l e s :  C! 
MWL and 30mm 
below 
4cm b a f f l e s :  @ 
MWL and 50mm below 
on both s i d e s  
Forced 
Frequ. 
( r a d / s )  
0 





7 . 0 6 0  
7 .214  
7 . 4 6 2  
7 . 7 8 6  
8.066 
























F requ ,  
( r a d  / s )  
0 
5.027 
5 .712  
6 . 2 8 3  
6 . 7 3 4  
7 .181  
7 . 5 8 8  
7.933 
8.149 
















32 .0  
44 .0  
4 6 . 0  
46 .0  
4 7 . 0  
44 .0  
4 2  .O 
39.0 
35 .O 
3 2  .O 
24 .O 
4cm b a f f l e s :  @ 








6 . 2 0 3  
6.614 
6.927 
7 . 2 2 2  
7 . 4 4 5  
7 .616  
8 .235  
a.514 
9 , 4 2 0  

















30 .0  
28 .0  
24 .O 
TANK EXPERIMENT W I T H  BAFFLES 
ASPECT RATIO (h/2a)  = 0 .5  
4cm wide b a f f l e s :  
1Omm below MWL 
on e i t h e r  s i d e .  
Forced 
Frequ. 



































26 .0  
22.0 
4 cm i d e  b a f f l e s  
50mm below MWL 
4cm wide b a f f l e s :  
a t  t h e  MWL 
Forced 
Frequ.  








7.  I40 
7.446 
7.672 




























































TANK EXPERIMENT WITH BAFFLES 
ASPECT RATIO ( h / 2 a )  = 0.5 
2cm wide b a f f l e s :  2cm b a f f l e s :  2cm b a f f l e s :  @ 2cm b a f f l e s  @ 
1OOmm below MWL a t  MWL MWL and 1OOmm MWL 5 0 m  below 
1 OOmm below 
Tank Tank Tank Tank 
Wave Wave Wave Forced Frequ. F requ .  Frequ. 
( r a d  I s )  ( r a d / s )  ( r a d / s )  
Forced Forced Wave Forced  
Frequ. 





5 , 2 3 6  
5 .984  
6.525 












4 4 . 0  
50.0 
86 .0  
68 .0  
50 .0  
3 9 . 0  
30.0 
0 0 0 0 
4 , 0 5 4  6 . 0  3.879 8.0 
4 .959  9.0 5 . 1 2 9  9 .0  
5 . 7 1 2  13.0 5.802 1 6 . 0  
6 . 1 3 0  18.0 6 . 1 6 0  19.0 
6 . 4 9 8  25.0 6 . 4 7 1  30.0 
6 .545  26 .0  6 . 7 9 3  40.0 
6 . 6 8 2  35.0 7 . 1 2 4  60.0 
7 . 0 6 8  68.0 7.298 58.0 
7.247 66.0 7 .767  52.0 
7.516 60.0 8.107 50.0 
7.561 60.0 8 . 3 7 8  44.0 
7 . 8 5 4  52.0 8.087 32.0 











7.480 7 6 . 0  





1 1 7 .  
MOONPOOL EXPERIMENT WITH BAFFLES 
ASPECT RATIO (h/2a)  = 0.5 
4cm b a f f l e s :  4cm b a f f l e s  : 4cm b a f f l e s :  
1 OOmm below 50mm below a t  MWL 
MWL 




Mo onp o o 1 Forced Wave Forced Forced 
Frequ .  F r e q u .  Frequ. 
( r a d /  s) Ampl. tm) (rad  / s>  
Ampl. 


































































MOONPOOL EXPERIMENT WITH BAFFLES 
ASPECT RATIO ( h / 2 a )  = 0.5 
4cm b a f f l e s :  4cm b a f f l e s :  4cm b a f f l e s  : 
50mm above MWL 1 OOm and 50mm 1OOmm below and 
below MWL a t  MWL 
Forced  Mo onpool Forced MoonPool Wave Forced Moonpool 
F requ .  Frequ. 
( r a d  / s  1 
Wave Wave 
Amp1 . Frequ Amp1 . Amp1 ( r a d / s )  (m) (rad/s) (m) (m) 
0 0 
5.027 9 .0  
6 .525  18.0 
6 .882  24.0 
7 .140  32.0 
7 .392  40 .0  
7 .480  52 .0  
7 .854  66 .0  
8 .055  80 .0  
8 .666  7 4 . 0  
8 .976  64 .0  
9 .080  48.0 








6 .830  
6.981 
7.306 
7 .480  
7.854 










3 8  .O 
45  .O 
54.0  
4 0  .O 
25 .O 
0 
5 .712  
6 .221  
6 , 8 5 2  
7.181 
7 .453  
7 .757  
8 .025  
8.378 
8 .976  





















MOONPOOL EXPERIMENT WITH BAFFLES 
ASPECT RATIO (h /2a)  = 0 . 5  
4cm b a f f l e s  : 4cm b a f f l e s :  4cm b a f f l e s :  
50mm and 20mm 40mm below and a t  MWL and 
below MSTL a t  MWL 50mm below 
Forced Moonpool Forced Moonp ool  Forced Mo onp o o 1 
Frequ. Frequ. 
( r a d / s )  (m) 
Wave Frequ 
( r ad  / s  1 
Wave Wave 
Ampl. h p 1 .  
(mm) 
Amp1 . 


































































































MOONPOOL EXPERIMENT WITH BAFFLES 
ASPECT RATIO ( h / 2 a )  = 0 . 5  
2cm b a f f l e s  : 2 cm ba  f f 1 e s 2cm b a f f l e s :  
1 O O m m  below MWL, 50mm below MWL a t  MWL 
Mo onp o o 1 Moonpool Forced Mo onp oo 1 




( rad / s 1 
Frequ. F requ*  h p l .  











7 .854  




































8 0 . 0  
7 8 . 0  






























MOONPOOL EXPERIMENT WITH BAFFLES 
ASPECT RATIO (h/2a)  = 0.5  
2cm b a f f l e s  : 2cm b a f f l e s :  2cm b a f f l e s :  
a t  MWL and 2Omm and 50mm 3 h ~ n  below and 
50mm below below MWL a t  MWL 
Moonpo o 1 
Wave Forced Frequ. 
( r a d / s )  
Ampl. 
(mm> 
Moonpool Forced Wave Frequ. 
( r a d / s )  (m) 
Ampl. 






( rad/s)  
0 0 




















7 . 5 4 3  48.0 
7.728 74.0 
7 . 9 3 3  80.00 
8 . 1 9 2  74.0 
















1 2 2 .  
MOONPOOL EXPERIMENT W I T H  BAFFLES 
ASPECT RATIO (h /2a )  = 0 .5  
2cm b a f f l e s  : 2cm b a f f l e s :  2cm b a f f l e s :  
lorn, 30mm and a t  MWL and 50mm, 30mm and 
5 0 m  below Mn, 1 OOmm below 1Omm below MWL 














7.662 83 .0  























Moonpool Forced Mo onp o o 1 
Wave Wave Frequ. 

































MOONPOOL EXPERIMENT WITH WAVES 
GENERATED 




Waves g e n e r a t e d  ( 1 . 0 5 ~ )  
(0.8H2/5.027 r a d / s )  
.AW 
Forced Moon p o o 1 28 
























80 .0  


























1 . 4 1  
1.25 
1 .32  
1 .34 
8 W 
Waves genera ted  ( 1 . 4 ~ )  





























1 . 4  






















1 .78  
1.61 
1 .43  
124, 
MOONPOOL EXPERIMENT WITH WAVES 
GENERATED 
ASPECT RATIO (h /2a )  = 0.5  
W .@ 
Waves g e n e r a t e d  ( I  . I  V) 



































































,@ Waves generated (1.05V) 0. 












































MOONPOOL EXPERIMENT WITH WAVES 
GENE RAT ED 
ASPECT RATIO (h /2a )  = 0.5  
8 ctr Waves g e n e r a t e d  (1.OV ) 
(0 .9  W 5 . 6 5 5  r a d / s )  AU 
Forced  
F requ .  
( r a d / s )  
0 








7 .690  
7.854 
8 .025  
8.267 
8 .727  
9 .420  
10.317 
11.023 






















. 9 0 Q  8 A? 
-$ B 
1.09 
















ASPECT RATIO (h/2a) = 1.0 
=& rlr 
Waves gene ra t ed  ( 1 . 0 ~ )  
( 0 . 9  Hz/5.655 r a d / s )  A" . AV 
Forced Moonpool Wave 0.43 
Frequ. P 
ampl , *$ AD 
(m) $ 8 ( r ad /  s 1 
0 















62 .O 1 . I4  
66.0 I .06 
68 .O 1.10 
68 .O 1.10 
72.0 1.20 
90 .o 1.45 
90 .o 1.45 
9 1  .o 1.47 









MOONPOOL EXPERIMENT WITH WAVES 
GENERATED 
ASPECT RATIO (h/2a) = 1.0 
Moonpoo 1 
ampl  . 
h m >  
Forced wave 
Frequ. 




Waves g e n e r a t e d  (1.02V) 
(0.94Hz/5.906 r a d / s )  
AV 
















































.8 ctr Waves generated ( 1 . 2 ~ )  ~~ 
(0.96Hz/6.032 r ad / s )  . A% 
Moonpool Y 4 
Forced Wave 0 6 -  
Frequ.  e w  
a m p l  . L? L? 




















































MOONPOOL EXPERIMENT WITH WAVES 
GENERATED 
127. 
ASPECT RATIO (h/2a) = 1 .O 
8 W Waves generated ( I .  I V )  
(0.98Hd 6.158rad/s) 6 
.3* 
Forced Moonpool 28 
8 “  wave Frequ 
ampl . 8 P 











































1-9 W Waves g e n e r a t e d  (1.OV) 
(1 .OHz/6.283 rad/s) A@ 
,A” 
Forced Moonpool $8 Wave $ *  Frequ,  ampl . O A  
(m) $ A” ( r a d  / s )  
0 66 .O 
7.060 72.0 





























MOONPOOL EXPERIMENT WITH WAVES 
GENERATED 
ASPECT RATIO (h/2a) = 0.25 
9 v 
k Waves generated ( (1.1 HzI6.92 r ad / s )  Q ,3 
Forced 
Frequ. 














































ASPECT RATIO (h.  2a) = 1.50 
9 v Waves generated ( 














































MOONPOOL EXPERIMENT WITH WAVES 
GENERATED 
ASPECT RATIO ( h / 2 a )  = 0.25  
VERTICAL OSCILLATION 
Moonp o o 1 
Wave 
Amp1 i t u d e  
Wave 
Frequency 
(m) ( rad  / s  ) 
0 0 
7.540 38 .O 
6.912 70 .O 
6.283 5 4 . 0  
5.655 38 .O 
5.027 3 6 . 0  
4.398 30.0 




0 . 6 8  
1.64 
0 .96  
0.68 
0 .64  
0.54 
130. 
MOONPOOL EXPERIMENT WITH WAVES 
GENERATED 
ASPECT RATIO (h/2a)  = 0.25 
VERTICAL OSCIALLATI ON 





( rad /s )  (mm> 
0 0 
5.654 40.0 
5.027 9 4  .O 
4.900 106.0 
4.775 7 8 . 0  
4.650 7 2 . 0  












MOONPOOL EXPERIMENT WITH WAVES 
GENERATED 
ASPECT RATIO (h/2a) = 0 .25  
& 
CY 
VERTICAL OSCILLATION k .” 
Forced Moonpool ohl$ 
( rad/s)  (mm) $L? 
wave 8 ”  8 AV Frequ. amp1 . 
0 0 0 
7 .540  38.0  0.68 
6 .912 7 0 . 0  1.64 
6.283 54 .0  0.96 
5.655 38.0  0.68  
5.027 36.0  0.64  
4.398 30.0 0 .54  
ASPECT RATION (h /2a)  = 1.5 
8 0 






(rad / s  1 
Wave E L O W  
(mm> $ #  
8 3” 
0 0 0 
5 . 6 5 4  40.0 0.71 
5 .027  94.0 1.68 
4 . 9 0 0  106.0 1.85  
4 . 7 7 5  78.0 1 .39  
4 .650  72.0 1.29 
4.398 50.0 0 .89  
